Plants, invertebrate herbivores and nitrogen : ecological impacts of resource availability on trophic interactions by Hendriks, R.J.J.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/122785
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.
Rob J.J. Hendriks
Plants, Invertebrate herbivores and Nitrogen 
Ecological impacts of resource availability
on trophic interactions
Design and lay-out  
Promotie In Zicht, Arnhem
Print
Ipskamp Drukkers, Enschede
ISBN
978-90-9028037-0
© 2014 Rob Hendriks
All rights reserved. No part of this thesis may be reproduced or transmitted, in any form or by any means, 
electronic or mechanical, including photocopying, recording or otherwise, without written permission from 
the author or from the publishers holding the copyright of the published articles.
Proefschrift
ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen
op gezag van de rector magnificus prof. mr. S.C.J.J. Kortmann,
volgens besluit van het college van decanen
in het openbaar te verdedigen op vrijdag 21 februari 2014
om 12.30 uur precies
door 
 Robertus Johannes Jacobus Hendriks
geboren op 16 maart 1969
te Boxmeer
Plants, Invertebrate herbivores and Nitrogen 
Ecological impacts of resource availability
on trophic interactions
Promotoren
 Prof. dr. J.M. van Groenendael
 Prof. dr. N.M. van Dam
Manuscriptcommissie 
 Prof. dr. H. Siepel 
 Prof. dr. M. Hoffmann (Universiteit Gent)
 Prof. dr. J.P. Bakker (Rijksuniversiteit Groningen)
Paranimfen 
 Ir. N.J. de Boer
 Ir. F.F. van der Zee
Contents
Chapter 1 General Introduction 7
Chapter 2 Comparing the preferences of three herbivore species 
with resistance traits of 15 perennial dicots: the effects of 
phylogenetic constraints.
(Hendriks R.J.J., de Boer N.J. & van Groenendael J.M. 1999. 
Plant Ecology 143: 141–152)
23
Chapter 3 Context-dependent defence in terrestrial plants: 
the effects of light and nutrient availability on plant resistance 
against herbivory. 
(Hendriks R.J.J., Luijten L. & van Groenendael J.M. 2009. 
Entomologia Experimentalis et Applicata 131: 233–242)
47
Chapter 4 Nitrate induced iron deficiency chlorosis in Juncus acutiflorus.
(Smolders A.J.P., Hendriks R.J.J., Campschreur H.M. & Roelofs J.G.M. 1997. 
Plant and Soil 196: 37–45)
67
Chapter 5 Impact of carbon and nitrogen availability on growth and palatability 
of the fresh water macrophyte Myriophyllum spicatum. 
(Hendriks R.J.J., van Riel M.C. & van der Velde G. Submitted)
87
Chapter 6 Aboveground persistence of vascular plants in relationship to 
the levels of airborne nutrient deposition. 
(Hendriks R.J.J., Ozinga W.A., van den Berg L.J.L., Noordijk E., Schaminee J.H.J., 
& van Groenendael J.M. Submitted)
107
Chapter 7 Temporal-spatial dynamics in Orthoptera in relation to nutrient 
availability and plant species richness. 
(Hendriks R.J.J., Carvalheiro L.G., Kleukers R.M.J.C & Biesmeijer J.C. 2013. 
PLoS ONE 8(8): e71736. doi:10.1371/journal.pone.0071736).
127
Chapter 8 Synthesis 155
Summary 173
Samenvatting 179
Acknowledgements 187
Curriculum vitae 189
1
1
General Introduction

19
General Introduction
Resource availability and plant-herbivore interactions
Plants, herbivores and resistance strategies
The most direct effect of herbivores on plants is the loss of tissue and the related loss 
of photosynthetic capacity. This is costly since it hampers the potential of the plant to 
grow and reproduce. Plants therefore do exhibit a wide array of strategies to reduce 
the detrimental impacts of herbivores. These strategies aim to prevent, reduce, or 
compensate tissue loss. Prevention and reduction of damage are often denominated 
as defence strategies (preventing damage by herbivores). The third strategy is known 
as tolerance. In all cases however, plant resistance to herbivores may also come at a 
cost in terms of total plant performance. Allocation of resources to defence structures, 
defensive chemical compounds or to compensatory growth diverts these resources 
away from investment into reproduction and thus has a potential negative fitness 
effect (Simms, 1992).
 Many of the different plant defence hypotheses that have been put forward in the 
last decades (Stamp, 2003) indeed include trade-offs between costs of defence and 
benefits of damage reduction. However, the costs of defence and tolerance might be 
influenced by the level of resources (carbon and nitrogen) in the natural habitats to 
which specific plant species are adapted. Thus, resource availability may have an 
indirect effect on herbivore communities associated with plant species via the 
resource driven plant species composition, via the quality and quantity of plant tissue 
available for herbivores and the nature and level of plant species defences.
 In this thesis, the ecological impacts of carbon and nitrogen availability on Plant- 
Herbivore interactions are studied both on the individual and on the community level.
Context dependent defence of plants against herbivores
If an expected trade-off between plant growth rate and defence depends on the level 
of available resources it is important to take this into account in developing optimal 
defence hypotheses. When, for example, applying uniformly resource-rich growing 
conditions in a comparative study involving a range of plant species, including some 
that are adapted to nutrient-poor habitats, this may lead to spurious results. Coley et 
al. (1985) put forward the hypothesis that plant palatability is negatively correlated 
with resource limitation in the plant species’ natural habitat. Consequently, supplying 
high levels of nutrients may lower the defence levels of plant species adapted to re-
source-limited growing conditions, while the defence levels of plant species from 
naturally resource-rich conditions remain unaffected. This principle is captured by the 
‘context dependent defence’ hypothesis (CDD) described in this thesis: defence 
levels of plant species differ under varying resource conditions in a way that is 
determined by the evolved adaptations to their natural resource (carbon and nitrogen) 
levels. The CDD hypothesis is considered to be a useful addition to existing optimal 
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defence theory because it includes the effects of resource conditions on plant 
defence levels.
Aquatic versus terrestrial environments
A special case of plant herbivore interactions is provided by aquatic macrophytes. 
Aqua tic ma crop hy tes are subjected to intense herbivory (Sand-Jensen and Jacobsen 
2002; Gross et al. 2002). In aquatic ecosystems the proportion of annual primary 
production consumed by herbivo res, is higher than the herbivore consumption rate 
in terres trial systems (Cyr et al. 1993). This is probably related to differences in nutrient 
content. Elser et al. (2000) showed that mean C:N and C:P ratios of the foliage of 
terrestrial autotrophs were more than threefold higher than for freshwater seston 
(lake particulate matter, generally dominated by phytoplankton, the dominant primary 
producers). Aquatic macrophytes take an intermediate position between phytoplankton 
and terrestrial macrophytes, both in terms of primary productivity removed by 
herbivores (Cyr et al. 1993) and in C:N stoichiometry (Bakker E.S., unpublished).
 The inability of most aquatic macrophytes to develop spines or woody tissues 
makes them more dependent on tolerance or the production of secondary metabolites 
to resist herbivores compared to terrestrial plants. As carbon limitation is common in 
aquatic systems, especially for submersed aquatic macrophytes, and the availability 
of nutrients in aquatic systems is very variable, aquatic systems provide an excellent 
opportunity for  tests of the context dependent defence hypothesis. 
Plant tissue chemistry in relation to Carbon and Nitrogen
The relative availability of carbon (C) compared to nitrogen (N) determines to a large 
extent the expected levels of secondary plant compounds with defensive properties 
against herbivores (Bryant et al. 1983). In that sense, the magnitude of (changes in) 
the internal C:N ratio of plants could serve as a proxy for its defence level. This ratio 
however also indicates the nutritional value of plant material to herbivores and does 
not per se represent the exact defence chemistry relevant to herbivores. More detail 
on specific compounds would be needed to better understand the relationship 
between plant defence and herbivory. 
 On the other hand, it is not feasible to measure the entire chemical content of a 
plant. Also the interpretation of such results proves to be difficult, because of the 
dynamic nature of the biosynthetic pathways and of the complex nature of their 
relationship with C and N availability (Gross, 2003). The recent developments in the 
field of metabolomics (untargeted chemical analyses without prior knowledge of the 
metabolome or genome), may be of help here. Macel et al. (2010) reviewed the use 
of metabolomic analyses in plant-herbivore studies. They conclude that it is very 
promising because of the fast advances in bioinformatics. In order to generate 
functional information however, bioassays are needed as an additional instrument.
111
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 Another practical approach to tackle the dilemma between measuring C:N ratios 
as a proxy for defence levels versus a detailed analysis of plant chemistry may be to 
analyse free amino acid concentrations in the plant material. When N levels in the 
tissues are high because of low carbon supply or directly due to excess availability of 
nitrogen (Smolders et al., 1997, Smolders et al., 2000), free amino acids are known to 
accumulate in plants (Smolders et al., 2001). The levels of free amino acids thus may 
provide an indication of the actual internal C:N ratios.
 Apart from the fact that free amino acids can serve as a proxy for the C:N ratio in 
plants they provide essential and limiting nutrients to herbivores. Free amino acids 
are also known to be present on the plant leaf surface in specific proportions and as 
such may play a specific role in the host selection of specialist herbivores (Soldaat et 
al., 1996).
Testing the relationship between resource availability 
and plant-herbivore interactions
Trade-offs between growth and defence under limiting resource conditions can be 
tested in single-species experiments. Another approach towards quantifying the 
impacts of resource availability is to compare different plant species and study the 
relationships between growth and defence traits. Trait-based comparisons are particularly 
powerful because relationships between traits can be inferred directly from comparison 
between species, thus limiting the uncertainties involved in extrapolating the results 
from single-species experiments to general patterns (Westoby et al. 1996). Furthermore 
 a greater range of allocation strategies can be compared than in a single-species 
study. 
 Single species experiments and the comparative approach both have their own 
merits and should be used in conjunction and iteratively (Weber & Agrawal, 2012). 
However, there is one important caveat. Comparing species with respect to a specific 
trait or response has been criticized because phylogenetic rather than ecological 
factors may determine the outcome (Felsenstein 1985; Harvey et al. 1995, b; Silvertown 
& Dodd, 1996; Agrawal & Fishbein, 2008). Also in the case of multiple species 
comparisons of traits related to plant defence against herbivores this is likely to be 
relevant. In many taxa a co-evolutionary pattern of related insect species that tend to 
feed on related plant species can be found. Also the occurrence of specific secondary 
compounds among related plant species shows a remarkably similar pattern 
(Hegnauer & Hegnauer 1962-1992). Thus, given the strong influence of chemical 
composition on plant palatability, phylogenetic constraints are likely to occur when 
studying plant-herbivore interactions. Possible phylogenetic effects can be tested 
using the method of phylogenetic independent contrasts (Harvey & Pagel, 1991) in 
12
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which information on the phylogenetic relations between the different species in the 
comparison is used to calculate the true relation between variables in the absence of 
phylogenetic effects.
Human impact on resource availability
Altered plant-herbivore interactions as a consequence of human 
induced changes in carbon and nitrogen availability
Human activity has led to a general and global change in the availability of carbon 
and nitrogen. Elevated levels of CO2 not only lead to higher temperatures, but also 
lead to a directly elevated availability of carbon to plants. Specifically in aquatic 
systems this is of significant influence, since many of these systems are naturally 
carbon limited. Furthermore higher temperatures are impacting decomposition rates 
and thus are of influence on the availability of nutrients. Yearly industrial production of 
reactive nitrogen now equals the total natural nitrogen fixation (Millennium Ecosystem 
Assessment, 2005). The result is a global and continuing shift in C:N availability 
which impacts vegetation composition and ultimately also herbivore communities. It 
leaves us with a challenge to specifically protect and restore those ecosystems that 
are naturally vulnerable to changes in carbon and/or nitrogen supply.
 These changes may also have a severe economic impact. For example 
Watermilfoil (Myriophyllum spicatum, see also chapter 5), is a major, and sometimes 
noxious, invasive species in North America (Newman, 2004). Changes in its life 
history due to human induced changes in carbon and nitrogen availability have 
contributed to its success and may further add to the huge economic impacts of this 
invasive species, which include effects on fish stocks, chocking of channels, clogging 
of water intakes and as a result restriction on fishing, swimming and boating in 
invaded lakes.
 Also in terrestrial ecosystems environmental stress factors such as nitrogen 
overload are known to affect local aboveground persistence of vascular plants 
(Ozinga et al. 2007) and changes in the species distribution have been shown to 
primarily relate to nutrient availability (Tamis et al. 2005). These findings are probably 
due to direct effects on the competitiveness for light and nutrients of the different 
plant species. Species that are better capable of coping with, or even benefiting 
from, elevated nitrogen deposition thus outcompete species that are adapted to 
nutrient-poor conditions leading to a general decline of species diversity. In addition 
to these direct effects, nutrient stress may also impact vegetation indirectly via altering 
the preferences of herbivores as predicted by the CDD hypothesis. 
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Eco-informatics and the test of ecological theory
If the context dependent defence hypothesis holds true then it can be expected that 
an on-going global trend in increasing C and N availability must have an effect on 
primary productivity and plant species composition with a cascading effect on the 
herbivore community. Such processes on large spatial and temporal scales must 
have an effect on the distribution patterns of the relevant species and the changes 
over time in these patterns. There is a novel tool that can be used to test these 
assumptions: the application of eco-informatics (Bekker et al., 2007; Ozinga et al., 
2005). New digital data analysis techniques of large (communally established) 
data-bases, provide very powerful additional options for the discovery of general 
patterns and the establishment of relations between these patterns (Biesmeijer et al., 
2006; Keil et al. 2010). 
 These techniques support the shift in ecological restoration practice from being 
based on  a specific site oriented perspective on species diversity towards a more 
generic landscape oriented perspective (Allen and Gillooly, 2006). Eco-informatics 
can be used to see whether hypotheses derived from the results from field or lab 
experiments also uphold in comparisons using large-scale geographically explicit 
datasets. 
Relevance for environmental policy making and nature conservation
Human impact profoundly alters carbon and nitrogen availability in natural ecosystems 
around the globe. Especially in the Netherlands this holds true since it is a densely 
populated and industrialized country with corresponding environmental challenges 
and loss of natural habitats (Box 1). The strong pressure on our natural capital, 
however, also resulted in a relatively early awareness of the necessity and possibilities 
of ecological restoration. Over the past decades serious restoration efforts have been 
undertaken to counteract the effects of ecosystem degradation and important 
lessons were learned from this (Box 1). In recent years a transition in the thinking 
about ecological restoration in the Netherlands took place, with more emphasis on 
an integrated landscape scale approach and a shift from intrinsic towards functional 
valuation of biodiversity (Box 1). 
Initially nature conservation and restoration in the Netherlands thus had a strong 
focus on vegetation composition and management of habitat quality. However, some 
seventy percent of the species diversity is within the Arthropods. Insect herbivores 
are an important component of Arthropod biodiversity especially when looked upon 
from an ecosystem services perspective. There exists therefore an urgent need to 
explore the reciprocal functional relations between plants and herbivores for an 
effective conservation of major biodiversity relationships.
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Box 1
Land use changes and restoration of ecosystem quality in the Netherlands 
(adapted from Hendriks et al. 2012)
Changes in land-use in Northwestern Europe have led to an increase of diversity of habitats 
from Neolithic times up until about 1850 (Poschlod et al. 2005). Although the cover of forests 
has decreased, overall species diversity has increased due to the gradual increase of 
different semi-natural (humanly influenced) habitat types. During the last century, more 
dramatic and intensive land-use changes have led to significant changes in species 
composition (van Diggelen et al., 2005), an overall homogenization of ecosystems (van 
Turnhout et al., 2007) and a net loss of diversity due to environmental deterioration 
(desiccation, eutrophication, acidification, habitat fragmentation and intoxication; Roelofs et 
al. 1996). In the late 1980’s, air pollution due to increased industrial activities, traffic intensity 
and intensivation of livestock husbandry reached a peak (Noordijk, 2007), thus significantly 
exceeding critical deposition loads (Bobbink and Roelofs, 1995) for most natural and 
semi-natural ecosystems in the Netherlands. 
In order to reduce the negative effects of low environmental quality, in the early 1990’s a 
national environmental policy was developed. This plan aimed at a combination of 
source-oriented measures for improvement of overall environmental quality and ecological 
restoration measures. The latter measures were meant to help ecosystems survive the 
inevitable period necessary for the source-oriented measures to become fully effective. The 
initial restoration measures were taken/implemented at a rather small scale and aimed to 
manage/control interactions of biogeochemical and biological processes (Lamers et al. 
2002). Measures to counteract the acidification problem included, among others, liming 
and reinforcing base-rich (ground) water. The negative impact of eutrophication was 
combated by the removal of accumulated organic matter by dredging, sod-stripping, 
grazing, mowing and burning. Implementing these measures against the negative impact 
of acidification and eutrophication formed the start of a long-term ecological restoration 
program with the title “survival plan for woodland and nature” (1995-2010, in Dutch: Over-
levingsplan Bos en Natuur). Successful restoration methods were developed for various 
ecosystems such as soft water lakes (Shallow lakes with a low carbon, nitrogen and 
phosphorus availability, resulting in very clear water with a vegetation of especially adapted 
aquatic macrophytes called isoetids; Brouwer et al., 2002), dry heaths (de Graaf et al., 1998; 
van den Berg et al., 2003; Vergeer et al., 2006), wet heaths (Jansen et al.,1996; Dorland et 
al., 2005a), dry dune grasslands (Kooijman and Smit, 2001), brook valley meadows 
(Grootjans et al., 2002a), coastal dune slacks (Grootjans et al., 2002b), forests (Boxman et 
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Outline of this thesis
This thesis uses different of approaches to test the effects of resource availability on 
plant herbivore interactions, ranging from manipulative laboratory experiments with a 
single or a few species, via field measurements, up to pattern analysis on the 
landscape scale. By combining these approaches it was possible to link patterns on 
different organisational scales.
al. 2006), inland drift sands (Riksen et al.,2006), wet meadows (Klimkowska et al., 2007) 
and calcareous grasslands (Smits et al., 2008). 
Over time, it became evident that larger scale approaches are needed for better and more 
durable restoration success. In the first place, this awareness emerged from the ever-stronger 
insight that water quality is as important for successful ecological restoration as water 
quantity. Water quality is determined at catchments’ scale rather than locally (Smolders et 
al. 1995, 2006; Dorland et al., 2005b; Grootjans et al, 2006). In the second place, awareness 
was raised because argument pertaining to population dynamics of species became more 
prominent. In many cases, dispersal barriers prevented the return of species after restoration 
measures, thus urging for a full landscape scale perspective when designing projects (van 
Groenendael et al., 1998; Bakker et al., 2002; van Duinen et al., 2007). Additionally, plants 
also disperse in time via a  seed bank, which can be an alternative for spatial dispersion 
(Bekker et al. 1998). These conclusions resulted in the inclusion of  a historical landscape 
perspective when designing ecological restoration projects (Strykstra et al. 2002). Finally, 
population genetic considerations urge for a landscape scale approach of ecological 
restoration (Booy et al., 2000; Vos et al., 2001; Vergeer et al., 2003; Mix et al., 2006; Ouborg 
et al, 2006). 
 Measures that aim to restore the ecological integrity of ecosystems, such as enhancing 
species richness and restoring optimal abiotic conditions are examples of a qualitative 
approach towards ecological restoration. Additionally also a more quantitative approach 
aiming for a connected national ecological network consisting of a certain percentage of 
land cover with less emphasis upon quality goals has been pursued in the Netherlands. In 
the last decade, both approaches have evolved towards an integrated landscape restoration 
perspective. In recent years, the arguments used as rationale for investing in ecological 
restoration have changed from an initial consideration of the intrinsic value of biodiversity to 
a more anthropogenic concept of preserving ecosystem services. In other words: The focus 
has shifted from the mere restoration of a specific ecological target state towards the 
inclusion of wider system features and ‘multi-purpose restoration’ (van Diggelen et al., 2001).
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 The chapters share the common denominator that they all investigate to the 
interactions between plants, herbivores and nitrogen availability. 
In chapters 2-5 four experimental ecological studies are presented. Chapters 6 and 7 
deal with large scale pattern analysis based on eco-informatics and in chapter 8 
practical implications of the results and conclusions from the experimental studies 
are given. 
Chapter 2 describes the results of an experimental comparative approach towards 
plant resistance to herbivores (Hendriks et al., 1999). The relationships between plant 
growth rate and palatability, as well as between palatability and plant defence traits 
were studied using 15 perennial dicots and three different generalist herbivore 
species (Beet armyworm, Spodoptera exigua; Migratory locust, Locusta migratoria 
and Garden slug Deroceras reticulatum). In this study the effects of the phylogenetic 
relationships of the plant species were accounted for. 
 The results of this study lead to the formulation of the ‘context dependent 
defence’ (CDD) hypothesis. 
In chapter 3 the CDD is tested in a comparative experiment using a set of 12 terrestrial 
plant species (all but one different from the plant species in chapter 2). In this 
experiment (Hendriks et al., 2009) only one of the three herbivores was used: the 
generalist Spodoptera exigua. Contrary to the tests described in chapter 2, the 
availability of resources (light, nutrients) was actively manipulated to create a range of 
resource limited environments. In addition to the ‘among species’ comparisons, in 
this chapter also within species choice tests were performed. In these tests plant 
material grown at four different resource regimes were offered to the herbivores. 
 In this experiment, the species were chosen from different plant families in order 
to prevent the profound influence of phylogenetic relationships as demonstrated in 
chapter 2.
Chapter 4 focuses on the effect of nutrient availability on plant tissue chemistry. It 
describes the effects of nitrate overload on Juncus acutiflorus in a Dutch rich-fen and 
in a series of laboratory experiments (Smolders et al., 1997). Patches of several 
square metres of the J. acutiflorus stands on that location showed severe chlorosis. 
The experiments in chapter 4 explored the relationship between the observed 
chlorosis and iron deficiency. It is postulated that increased nitrate assimilation leads 
to an increased apoplastic pH and to a concomitant immobilisation of iron and/or 
lower iron (III) reduction. 
 A further effect was expected on the C:N ratio and possibly on the amount of free 
amino acids in the plant tissue.
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In chapter 5 the ‘context dependent defence’ (CDD) hypothesis is being tested using 
an aquatic macrophyte: Myriophyllum spicatum. This is relevant because plant-herbi-
vore interactions in aquatic systems are reported to be different from those in 
terrestrial systems in a number of aspects. Again choice tests were preformed using 
two generalist herbivores, Lymnaea stagnalis (Great pond snail) and Orconectes 
limosus (American crayfish). Free amino acids were determined as a proxy for C:N 
ratio.
In chapters 6 and 7, two different eco-informatics approaches are presented 
addressing the question if plant-herbivore interactions are altered related to human 
induced changes in nitrogen availability. In these analyses the predictions of the CDD 
were examined on a scale relevant to landscape/ecosystem management. 
 Chapter 6 describes a study in which the local aboveground persistence of 
vascular plants is being examined in relationship to the levels of airborne nutrient 
deposition. The CDD predicts this relation to be negative, because of higher levels of 
tissue loss due to increased herbivory. Additionally, an alternative hypothesis related 
to colonisation access is explored. For this study the full set of long-term (minimally 
five years) studied vegetation relevees in the Netherlands was used. 
In Chapter 7 the temporal-spatial dynamics of Orthoptera and plant species richness 
in the Netherlands was studied in relationship to nutrient availability (Hendriks et al., 
2013). Changes in Orthoptera species richness between time periods with contrasting 
trends of nitrogen deposition (increase and decrease) were examined. The spatial 
pattern of changes in Orthoptera species richness was related to the pattern of 
changes in plant species richness and of nitrogen deposition values. This was done 
to  evaluate if the impact of nitrogen deposition propagates to higher trophic levels. 
We also explored if differences in functional traits affected the spatial-temporal 
dynamics of assemblages of Orthoptera species. In line with the main questions of 
this thesis, a number of food related traits of the Orthoptera species were included: 
food type (herbivorous in all life stages or not so) and food specificity (specialist 
herbivores or generalists). Additionally also a number of other Orthoptera traits were 
analysed for comparison. These latter traits related to habitat specificity, reproduction 
and dispersal. 
Chapter 8 synthesizes the results. The relevancy for ecological restoration practice is 
discussed and some recommendations for science, policy making and knowledge 
management are provided. 
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Abstract 
Differences in palatability between 15 perennial dicotyledonous herbaceous plant 
species were investigated in a multiple choice test, involving three generalist 
herbivores. Palatability was compared with two categories of plant traits: defence 
characteristics and growth properties. On theoretical grounds, we expected a positive 
relationship between growth rate and palatability, and a negative relationship between 
palatability and defence traits. The possible effect of phylogeny on the outcome of 
the comparisons was investigated by analysing the data using phylogenetically 
independent contrasts. 
 The three herbivores showed remarkably similar preferences, which indicates 
that the results of the choice experiment are a good representation of leaf palatability. 
The significant negative correlations found in a direct comparison between herbivore 
preference and relative growth rate, and between herbivore preference and lignin and 
dry matter content, did not hold after phylogenetic correction. On the other hand, one 
relationship emerged only when comparing phylogenetically independent contrasts: 
contrary to expectation, a negative relation was noted between juvenile growth rate 
and plant palatability. A possible explanation for the contradictory nature of this result 
is the uniformly ready availability of resources in our experiment.
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Introduction
Although the extent of damage may vary, and different plant species may show 
different responses to tissue loss, a recurrent theme in plant-herbivore theory is that 
resistance against herbivores is costly, and will have an impact on total plant 
performance (Herms & Mattson 1992; Simms 1992). Among the many strategies that 
have been proposed for coping with the detrimental effects of herbivores, two main 
categories can be distinguished: defence (preventing damage by herbivores) and 
tolerance (compensating for tissue lost to herbivory) (Futuyma & Mitter 1996; Simms 
1992; Painter 1951). In other words: loss of tissue is harmful to a plant, and either must 
be avoided or must be compensated for by inherently fast growth rates or by 
increased growth rates after damage. Hence, many of the current theories on 
plant-herbivore interactions include tradeoffs between costs of defence and costs of 
damage that can be tested experimentally (Coley et al. 1985; Van der Meijden et al. 
1988; Herms & Mattson 1992).
One way to test the predicted tradeoffs may be in single-species experiments under 
controlled conditions as proposed by De Jong (1995). In this approach specific 
factors, e.g. resource levels, are manipulated and the response in terms of allocation 
of resources is studied. An alternative approach, which is the one we adopted in the 
experiment described in this paper, is to compare species, looking for interspecific 
relationships between plant traits and herbivore preferences. Such a pattern analysis 
provides insight into the distribution of anti-herbivore traits among species, and 
enables inferences to be made about the functions of these traits. The comparative 
approach is particularly useful because relations can be drawn directly between 
species, thus limiting the uncertainties involved in extrapolating the results from 
single species experiments to general patterns (Westoby et al. 1996). Furthermore a 
greater range of allocation strategies can be compared than in the single-species 
study. On the other hand, the comparative method has been criticized because 
phylogenetic rather than ecological factors may determine the relationships 
(Felsenstein 1985; Harvey et al. 1995a, b; Silvertown & Dodd 1996). Given the 
remarkable similarity in occurrence of specific secondary compounds among related 
species (Hegnauer & Hegnauer 1962-1992), and the strong influence of chemical 
composition on plant palatability (Berenbaum 1995), it seems probable that 
phylogenetic constraints will emerge when traits related to herbivore preference are 
compared. This is further illustrated by the fact that, in many taxa, related insects tend 
to feed on related plants (Ehrlich & Raven 1964; Ward et al. 1995; Futuyma & Mitter 
1996). Baldwin & Schultz (1988) and Folgarait and Davidson (1995) showed that 
plant phylogeny must be considered when studying plants’ investment in defence.
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 In this paper, we examine the effect of phylogenetic constraints on the relationships 
between the experimentally determined palatability and plant characteristics. 
Relationships between palatability and investment of resources in growth, regrowth 
capacity and defence are compared among 15 perennial dicots. In a multiple choice 
bioassay, leaf discs were fed to three generalist herbivores to estimate plant 
palatability. Herbivore preference was compared to four easily measured factors 
generally assumed to influence palatability: lignin, nitrogen and dry matter content, 
and leaf hairiness. We expected palatability to be positively related to nitrogen 
content, and negatively related to lignin, dry matter and hairiness. Furthermore, the 
relations between palatability and three plant growth characteristics were investigated: 
juvenile RGR, adult RGR, and regrowth capacity after damage, the latter split into i) 
allocation of biomass and ii) recovery of total plant weight. We expected to find a 
positive relationship between herbivore preference and growth rate. This expectation 
was based on the hypothesis put forward by Coley et al. (1985) that plant palatability 
is negatively correlated with resource limitation in the plant species’ natural habitat, 
and on the assumption that species from resource-poor environments are selected 
for low inherent relative growth rates (Grime, 1977). On the basis of the hypothesis 
put forward by Van der Meijden et al. (1988), we also expected to find a positive 
relationship between herbivore preference and regrowth capacity. 
 We studied the effects of phylogenetic correction on the relations emerging from 
the experiments by including two groups of phylogenetically related species: one at 
the family level (Asteraceae) and one at the genus level (Rumex, Polygonaceae).
Methods
Plant species
Fifteen dicotyledonous, perennial, herbaceous plant species were selected, in order 
to have a group of species with comparable life forms (Ward et al. 1995). Monocots 
were excluded because of their possibly different defence mechanisms (silicate 
based; Vicari & Bazely 1993, but see Hochuli 1993). Five of the fifteen species were 
from one genus (Rumex; fig. 1), and six species were from to the same family 
(Asteraceae). Species were chosen this way in order to detect possible phylogenetic 
effects. Species names are according to van der Meijden (1990).
Herbivores
The three generalist herbivores were selected from taxonomically unrelated groups, 
to obtain a more general measure of plant palatability. They were fourth instar larvae 
of the Beet armyworm Spodoptera exigua Hübner (Lepidoptera: Noctuidae), second 
instar nymphs of the Migratory locust Locusta migratoria L. (Orthoptera: Acrididae), 
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and adults of the Garden slug Deroceras reticulatum Müller (Stylommatophora: 
Limacidae). Larvae of S. exigua are extremely polyphagous, having over 200 species 
of host plants from over 40 plant families (Smits 1987). Although L. migratoria is 
oligophagous on grasses (Bernays et al. 1976), it can be considered polyphagous 
when no grasses are present. D. reticulatum is reported to be omnivorous, with a 
preference for green plant material (South 1992). The caterpillars and the locusts 
were obtained from laboratory colonies. The slugs were collected from the field. 
Before they were used in the experiment, the Beet armyworms were reared on an 
artificial medium, the locusts were kept on the grass Holcus lanatus L., and the slugs 
were kept on a diet of macaroni and carrots. This lasted for at least two weeks, to 
ensure that they had had no recent experience with the plant species used in the 
experiment. The herbivores were not starved before entering the experiments, but the 
duration of the experiments (see next section) was long enough compared to the 
available quantity of leaf material to ensure that each herbivore was able to sample 
each plant species.
Herbivore preference
Leaf material was obtained from plants grown in a greenhouse during early summer. 
Individual plants were placed in 2-liter pots filled with three parts potting soil and one 
part sand (based on volume), watered daily, and supplied with slow-release N-P-K 
(12-10-18) fertilizer (Windmill Holland) at a rate of 3g per pot.
Figure 1 Phylogenetic relations between the plant species used in the experiments.
Plantago lanceolata
Verbascum nigrum
Origanum vulgare
Arctium lappa
Sonchus arvensis
Cichorium intybus
Leontodon hispidus
Hypochaeris radicata
Pulicaria dysenterica
Geum urbanum
Rumex acetosella
Rumex maritimus
Rumex obtusifolius
Rumex crispus
Rumex sanguineus
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 Discs of 9mm diameter were taken from fully expanded leaves from plants 
between 15 and 19 weeks of age, using a cork borer. The oldest and youngest leaves 
were  excluded from the experiment, and main veins were avoided. This technique 
allowed the screening of a large number of plant species in combination with different 
herbivore species. Because Risch (1985) mentioned induced defence as a possible 
complicating factor when taking leaf discs, all plants in the choice experiment were 
clipped (10% of each of the leaves were removed), 24 hours prior to leaf disc excision, 
to ensure that plants with inducible defence mechanisms were given sufficient time 
to produce their defences. Although it has been shown that clipping may not always 
induce plants in the same manner or degree that herbivore feeding does, and 
depends on the species examined (Baldwin 1990), the clipping procedure has been 
chosen as the most feasible option to prevent problems due to inducible defence. 
 For each of the seven replicates per herbivore in the choice experiment, four leaf 
discs from one randomly selected plant of each species were placed on a layer of 
agar (1.5%) in a petri dish of 9 cm diameter (fig. 2). 
The agar prevented the leaf discs from desiccation and displacement during the 
experiment. Six slugs, four locusts or four caterpillars were placed in each petri dish. 
All herbivores were sufficiently mobile to explore the entire petri dish. Petri dishes 
Figure 2  Arrangement of the leaf discs in a petridish. Each shading pattern represents a plant 
species. Four discs per species at equal distances enforce a maximum number of choices for 
the herbivores before encountering a disc of the same species.
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containing the tropical species S. exigua and L. migratoria were kept at 
20°C min / 25°C max, and those with the temperate species D. reticulatum in a climate 
cabinet regulated between 15° and 20°C. Light was continuous in both cabinets. The 
leaf area consumed per plant species was recorded with a video camera, and 
measured by digital processing using image analysing equipment (“IMAGE”, Skye 
Instruments Ltd., Powys, UK).
The time interval needed to give maximum contrast between plant species was 
determined to be 5.7 hours for S. exigua, 30 hours for D. reticulatum and 26 hours for 
L. migratoria.
 The palatability values from the choice experiment were mutually dependent 
within each petri dish. Therefore a Friedman ANOVA was used to test for differences 
in remaining leaf area per plant species (Roa 1992). The data were not bivariate 
normally distributed, so Spearman rank correlations were calculated to compare the 
preferences of the three herbivores. Multiple comparisons on rank sums from the 
Friedman ANOVA (α=0.05; Siegel & Castellan 1988) revealed which plant species 
were preferred, and which rejected. This information was used to establish three 
‘preference groups’: preferred plant species (significantly preferred by two of the 
three herbivores), non-preferred plant species (significantly rejected by two of the 
three herbivores), and intermediate species (the rest).
Morphology and chemical content of leaf material
The number of hairs per mm² (N), the average length of the hairs (L) in mm, the 
average thickness of the hairs (T) in mm and the number of branches on each hair 
(B) were estimated using a binocular microscope with a graduated eyepiece. For this 
purpose, approximately ten leaves from the same age category as the ones that 
entered the choice experiment, were randomly picked and studied. The factors were 
combined into one hairiness index: hairiness = 10Log ( N * L * T * B + 1).
 The total nitrogen content was determined in dried leaf material after Kjeldahl 
destruction. The lignin content was determined according to Goering & Van Soest 
(1970). Both nitrogen and lignin content were determined in duplicate, with reference 
samples for comparison. A mixture of the shoots that were harvested in week 19 for 
the measurement of adult growth rate was used as a source of material for these 
determinations.
 Dry matter content was determined for 10 leaf discs per plant species. The discs 
were of the same age and size as those used in the choice experiment. Fresh weight 
was measured before drying the discs to constant weight. The dry matter content 
was then calculated as percentage dry weight.
 GLM (SAS Institute Inc., 1989) was used to compare nitrogen, lignin and dry 
matter content among species, treating them as random effects.
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Growth, allocation and recovery
The loss of leaf area through herbivory was simulated by clipping plants grown 
simultaneously with the plants used in the choice experiment. In each of five blocks, 
three plants per species were placed randomly (total over five blocks: 15 ind./spp.). In 
each block, one plant of each species was assigned to the clipping treatment. The 
clipping was done 15 weeks after germination. Using scissors, the tips of all the 
leaves on a plant were clipped so that half of the total leaf area was removed. At the 
same moment, a second plant was harvested to determine the weight of root and 
shoot, calculated as the mean root or shoot weight of the five harvested plants. The 
third plant in each block served as an unclipped control. The clipped and control 
plants were harvested four weeks after the clipping treatment was applied (19 weeks 
after germination). The harvested plants were washed, and dried at 75°C to constant 
weight. The dry weight of the roots and the shoot was measured separately.
 The effect of the clipping treatment on the allocation pattern of biomass was 
calculated as the change in root-shoot ratio of the clipped plants compared to the 
change in root-shoot ratio of the control plants: arctan((R19-R15)/(S19-S15))ctrl  - arctan 
((R19-R15)/(S19-S15))clip, where R and S refer to the root and shoot weight respectively, 
and the subscripts to the age in weeks. Higher values indicate an increase in 
allocation to the shoot in the clipped plants compared to the controls. 
 Recovery of total plant weight after clipping was calculated as the difference 
between the increase in plant weight of the clipped plants compared to the controls: 
Δ(R+S)clip - Δ(R+S)ctrl. Higher values indicate better recovery. Positive values of 
recovery mean that clipped plants of the species show a larger increase of total plant 
weight compared to the control plants.
 The weight of the control plants was also used to calculate the mean adult RGR 
between week 15 and week 19, using Fisher’s (1920) formula: . 
Allocation pattern, recovery, and adult RGR were calculated by pairing individuals 
harvested at week 19 (W19  in Fisher’s formula for RGR) with the pooled results from 
the 15-week-old control plants from all five blocks (W15). The differences in adult RGR, 
allocation pattern and recovery were tested using a blocked GLM analysis and 
treating species as random effects.
Juvenile RGR was determined comparable to the methods proposed by Grime & 
Hunt (1975). Seeds were sown in the greenhouse in trays filled with nine parts of 
sieved potting soil and one part of sand (based on volume). Two weeks after 
germination ten individuals of approximately the same size were selected. Five 
seedlings were harvested, and the other five were transferred to ½-liter pots filled with 
the same medium, and placed randomly in two growth cabinets under controlled 
conditions (PAR at plant height: 110-225 fmol/mm²/s (edge-centre), 20°C/18hL, 
15°C/8hD, r.h. ≥60%), and harvested after three more weeks of growth. All harvested 
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plants were washed, and dried at 75°C to constant weight. Juvenile RGR has been 
calculated from Fisher’s (1920) formula:  where W2 and W5 
are mean whole-plant dry weights at two and five weeks since germination 
respectively, and T is the time interval of three weeks. An estimate of the variance was 
calculated per species as:
Comparison of herbivore preference and plant characteristics
Since the data were not bivariate normally distributed, relationships among mean 
values of leaf palatability and plant characteristics were analyzed by means of 
Spearman rank correlations. Furthermore, one-way ANOVA was used to compare 
both defence properties and growth data among the preference groups as 
established by the herbivores.
Phylogenetic Correction
Possible phylogenetic effects in the comparative analysis of herbivore preference 
and plant characteristics were tested using the method of phylogenetic independent 
contrasts (Harvey & Pagel 1991) and the CAIC algorithm (Purvis & Rambaut 1995). 
The necessary phylogenetic relations (fig. 1) were based on molecular information 
from Chase et al. (1993) and Jansen et al. (1990). These sources only provide detail 
down to the level of genera and tribes respectively. Therefore the phylogeny was 
further extended with traditional taxonomy as presented in the Illustrierte Flora von 
Mitteleuropa (Hegi 1990-1995). Taxonomical information was also used to assign the 
species of the family Asteraceae to the tribes mentioned in the paper by Jansen et al 
(1990) and to decide about the position of Plantago lanceolata (An-Ming 1990). Two 
nodes of four species each remained unresolved (fig. 1). Contrasts were tested for 
significant effects using regression through the origin (Felsenstein 1985; Pagel 1993; 
Silvertown & Dodd 1996), in which case the expected value of the slope equals the 
true relation between the variables in the absence of phylogenetic effects. The null 
hypothesis then is, that this slope does not differ significantly from zero.
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Figure 3  Herbivore preferences. Palatability of each plant species, expressed as the fraction 
of leaf material consumed in a multiple choice experiment. Species sharing a letter were not 
significantly different (α = 5%) after a multiple comparison on their Friedman rank numbers. AL: 
Arctium lappa, CI: Cichorium intybus, GU: Geum urbanum, HR: Hypochaeris radicata, LH: 
Leontodon hispidus, OV: Origanum vulgare, PD: Pulicaria dysenterica, PL: Plantago lanceolata, 
RA: Rumex acetosella, RC: R. crispus, RM: R. maritimus, RO: R. obtusifolius, RS: R. sanguineus, 
SA: Sonchus arvensis, VN: Verbascum nigrum. Within each category of preference (see table 
1), species are ordered by their mean palatability across the three herbivores.
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Comparing the preferences of herbivore species
Results 
Herbivore Preference 
The herbivores actually sampled the majority (96%) of the discs offered, and were 
well able to discriminate between different food types: the leaf area remaining in the 
petri dish after the choice test differed significantly between the plant species (fig. 3; 
Friedman ANOVA, 15 treatments, seven blocks; D. reticulatum: χ2 =  71.8, P < 0.00001; 
L. migratoria: χ2 = 67.7, P < 0.00001; S. exigua: χ2 = 78.4, P < 0.00001). 
More interestingly, there was a significant similarity between preferences of the three 
herbivores: Spearman rank correlation, 15 treatments; D. reticulatum with L. migratoria: 
(ρ =0.56, P=0.03); D. reticulatum with S. exigua: (ρ=0.53, P=0.04); L. migratoria with 
S. exigua: (ρ=0.72, P=0.003). The similarity of preferences among the herbivores is 
further illustrated by the composition of the groups of species, for which each pair 
wise combination was significantly different (multiple comparisons on rank sums 
from the Friedman ANOVA, α=0.05; Siegel & Castellan 1988; fig. 3). S. exigua showed 
such a preference for C. intybus, H. radicata, and S. arvensis over V. nigrum, P. 
dysenterica, and G. urbanum, whereas L. migratoria preferred H. radicata, L. hispidus, 
and C. intybus in all cases over R. maritimus, A. lappa, P. dysenterica, and V. nigrum. 
Finally D. reticulatum showed a preference for L. hispidus, C. intybus, and S. arvensis 
over R. obtusifolius, G. urbanum, R. sanguineus, and V. nigrum. Using these results, 
we classified the plant species into three groups of herbivore preference, for 
subsequent comparison of defence properties and growth data between groups. A 
species was assigned to the preferred or non-preferred group, when at least two of 
the three herbivores showed significant differences between the preferred and the 
non-preferred species in the multiple comparisons test (table 1; fig. 3).
Leaf properties and plant growth characteristics
Table 1 presents the morphological, chemical and growth characteristics of the plant 
species. Nitrogen content varied between 1.8 and 5.3 percent of dry weight, which 
are values within the normal range of this element in herbaceous plant species. Six 
species (five Rumex species, and S. arvensis) were hairless. Juvenile growth rates 
were in the same order of magnitude (0.77 to 1.6) as those of the herbaceous plant 
species in the experiments by Grime & Hunt (1975). Adult growth rates were lower 
(0.16 to 0.34). Allocation values were scattered around zero, which is in accordance 
with the mathematical nature of this parameter. Recovery values were positive for a 
small number of species (five), indicating that clipped plants of these species grew 
faster than controls. All other species did not show actual recovery. The plant species 
differed significantly with respect to their adult RGR (d.f.=74, F = 2.13, P = 0.024; 
table 2), change in allocation pattern after clipping (d.f.=73, F = 1.89, P = 0.04), and 
34
Chapter 2
Ta
b
le
 1
  L
ea
f p
ro
pe
rt
ie
s 
an
d 
pl
an
t g
ro
w
th
 c
ha
ra
ct
er
is
tic
s.
 N
it.
 =
 N
itr
og
en
 c
on
te
nt
 (p
er
ce
nt
ag
e 
of
 d
ry
 w
ei
gh
t),
 H
rs
 =
 H
ai
rin
es
s 
in
de
x 
(L
og
 (#
 ∙ 
le
ng
th
 
∙ t
hi
ck
ne
ss
 ∙ 
#
 b
ra
nc
he
s 
+
1)
), 
Li
gn
. =
 L
ig
ni
n 
co
nt
en
t (
g
/k
g)
, D
M
 =
 D
ry
 m
at
te
r (
pe
rc
en
ta
ge
 o
f f
re
sh
 w
ei
gh
t),
 d
fm
 =
 d
ep
ar
tu
re
 fr
om
 th
e 
m
ea
n 
in
 a
 d
up
lo
 
m
ea
su
re
m
en
t (
pe
rc
en
t),
 s
e 
=
 s
ta
nd
ar
d 
er
ro
r 
(n
=
10
), 
Ju
ve
ni
le
 r
el
at
iv
e 
gr
ow
th
 r
at
e 
(g
/w
ee
k)
, b
et
w
ee
n 
w
ee
k 
2 
an
d 
5 
af
te
r 
ge
rm
in
at
io
n;
 A
du
lt 
re
la
tiv
e 
gr
ow
th
 r
at
e 
(g
/g
/w
ee
k)
, 
be
tw
ee
n 
w
ee
k 
15
 a
nd
 1
9.
 C
ha
ng
e 
in
 a
llo
ca
tio
n 
af
te
r 
50
%
 c
lip
pi
ng
 o
f 
th
e 
le
av
es
 (
Δ
(r/
s)
ct
rl-
Δ
(r/
s)
cl
ip
), 
R
ec
ov
er
y 
af
te
r 
50
%
 
cl
ip
pi
ng
 o
f t
he
 le
av
es
 (Δ
(r+
s)
cl
ip
 Δ
(r+
s)
ct
rl)
. E
lle
nb
er
g 
in
di
ca
to
r v
al
ue
s:
 L
 =
 L
ig
ht
, N
 =
 N
itr
og
en
, 1
 =
 lo
w
 le
ve
l, 
9 
=
 h
ig
h 
le
ve
l, 
X 
=
 in
di
ffe
re
nt
. S
pe
ci
es
 
ar
e 
gr
ou
pe
d 
ac
co
rd
in
g 
to
 h
er
bi
vo
re
 p
re
fe
re
nc
e.
 S
pe
ci
es
 in
 th
e 
pr
ef
er
re
d 
ca
te
go
ry
 a
re
 s
ig
ni
fic
an
tly
 p
re
fe
rr
ed
 o
ve
r 
th
e 
sp
ec
ie
s 
in
 th
e 
no
n-
pr
ef
er
re
d 
gr
ou
p 
by
 a
t l
ea
st
 tw
o 
of
 th
e 
th
re
e 
he
rb
iv
or
es
 (s
ee
 te
xt
 a
nd
 fi
g.
 3
). 
Le
af
 p
ro
p
er
tie
s
R
G
R
A
llo
ca
tio
n
R
ec
ov
er
y
E
lle
nb
er
g
N
it.
d
fm
H
rs
Li
g
n.
d
fm
D
M
se
Ju
v.
se
A
d
ul
t
se
M
ea
n
se
M
ea
n
se
L
N
P
re
fe
rr
ed
 s
p
ec
ie
s
C
. i
nt
yb
us
3.
5
1.
1
0.
08
46
16
18
3.
2
0.
77
0.
10
0.
25
0.
05
0.
49
0.
32
0.
65
13
9
5
H
. r
ad
ic
at
a
2.
3
1.
6
0.
73
43
24
14
3.
8
0.
95
0.
07
0.
16
0.
09
0.
37
0.
48
1.
9
6.
4
8
3
L.
 h
is
pi
du
s
3.
2
2.
8
0.
60
39
19
14
2.
0
1.
15
0.
07
0.
23
0.
03
-0
.1
2
0.
45
-8
.8
4.
7
8
3
S.
 a
rv
en
si
s
3.
2
3.
9
0.
00
44
2
15
3.
1
1.
13
0.
11
0.
18
0.
08
0.
50
0.
67
-3
.4
5.
8
7
X
In
te
rm
ed
ia
te
 s
p
ec
ie
s
A.
 la
pp
a
3.
7
3.
0
2.
18
34
14
22
3.
5
1.
06
0.
11
0.
23
0.
03
0.
21
0.
37
7.
0
12
7
9
O
. v
ul
ga
re
1.
8
0.
8
0.
69
55
14
18
2.
5
0.
92
0.
26
0.
27
0.
12
0.
06
0.
12
0.
25
11
7
3
P.
 la
nc
eo
la
ta
3.
0
3.
5
0.
05
94
4
16
2.
5
0.
82
0.
09
0.
29
0.
06
0.
08
0.
13
-3
.5
13
6
3
R
. a
ce
to
se
lla
4.
2
10
.0
0.
00
40
36
9.
3
0.
9
1.
01
0.
14
0.
32
0.
10
-0
.0
4
0.
19
-9
.0
8.
5
8
2
R
. c
ris
pu
s
3.
5
0.
6
0.
00
90
2
18
2.
0
1.
21
0.
06
0.
34
0.
09
0.
33
0.
38
3.
8
4.
1
7
5
R
. m
ar
iti
m
us
5.
3
3.
0
0.
00
59
3
14
1.
7
1.
14
0.
15
0.
33
0.
13
0.
15
0.
47
-1
2
14
8
9
R
. o
bt
us
ifo
liu
s
5.
1
2.
2
0.
00
66
2
22
2.
7
1.
11
0.
21
0.
31
0.
03
0.
21
0.
22
-2
.0
9.
6
8
9
R
. s
an
gu
in
eu
s
4.
2
5.
7
0.
00
44
14
12
2.
3
1.
48
0.
08
0.
29
0.
09
0.
07
0.
22
-5
.5
13
4
7
N
on
-p
re
fe
rr
ed
 s
p
ec
ie
s
G
. u
rb
an
um
2.
8
0.
6
0.
37
26
8
32
3.
1
1.
10
0.
07
0.
30
0.
08
0.
06
0.
07
-1
.1
5.
5
4
7
P.
 d
ys
en
te
ric
a
3.
3
1.
9
1.
85
65
5
18
3.
1
1.
60
0.
15
0.
28
0.
11
-0
.1
9
0.
30
-7
.2
12
8
5
V.
 n
ig
ru
m
2.
9
4.
8
2.
08
12
4
1
25
6.
7
1.
16
0.
08
0.
29
0.
04
0.
52
0.
29
-6
.8
2.
4
7
7
235
Comparing the preferences of herbivore species
leaf content of dry matter (d.f.=149, F = 32.39, P = 0.001), nitrogen (d.f.=29, 
F = 39.09, P = 0.001), and lignin (d.f.=29, F = 17.74, P = 0.001). Recovery after 
clipping (d.f.=70, F = 1.23, P = 0.29) did not differ between the plant species, and 
therefore was not included in the comparisons with herbivore preference. Differences 
in juvenile RGR and hairiness could not be analyzed statistically because of lack of 
independent replicates: juvenile RGR was calculated from mean weights at week two 
and week five, hairiness was expressed as one index value.
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Table 2 Analysis of variance of leaf properties and plant growth characteristics.
Source DF Type II SS MS F Value Pr > F
Dry matter
Species 14 4476 320 32.39 0.0001
Error 135 1333 9.9
Corrected Total 149 5808
Lignin
Species 14 19810 1415 17.74 0.0001
Error 15 1197 79
Corrected Total 29 21007
Nitrogen
Species 14 24.85 1.78 39.09 0.0001
Error 15 0.68 0.045
Corrected Total 29 25.54
Adult RGR
Block 4 0.031 0.008 1.19 0.33
Species 14 0.20 0.014 2.13 0.024
Error 56 0.37 0.007
Corrected Total 74 0.60
Source DF Type III SS MS F Value Pr > F
Allocation
Block 4 0.20 0.050 0.39 0.82
Species 14 3.42 0.24 1.89 0.048
Error 55 7.10 0.13
Corrected Total 73 10.73
Recovery
Block 4 159 39.7 0.40 0.80
Species 14 1681 120.1 1.23 0.29
Error 52 5097 98
Corrected Total 70 6927
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Relationships between herbivore preference and plant characteristics
Only a limited number of the predicted relationships could be shown when calculating 
Spearman rank correlations (table 3). Negative relations were noted between herbivore 
preference and lignin content of the leaves in the case of D. reticulatum and L. 
migratoria, and between preference of S. exigua and dry matter content of the leaves. 
These relations were in accordance with the expectation that these factors would 
contribute to plant defence. Furthermore, an unexpected negative relation was found 
between the preferences of  D. reticulatum and adult plant growth rate (table 3). This 
Table 3  (a) The strength of the relationship between herbivore preference (leaf area eaten in 
the choice test) and leaf properties and between herbivore preference and growth characteristics, 
expressed as Spearman’s correlation coefficients. (b) Regression through the origin of the 
independent contrasts of leaf properties and plant growth characteristics onto the preference 
contrasts. All P-values below 10% are in boldface.
Dmtt Hairs Lign Nitro JRGR RGR Allocation
Preference
Deroceras reticulatum
(a)
Correlation coefficient -0.355 0.081 -0.477 0.065 -0.262 -0.520 0.258
Significance 0.194 0.773 0.072 0.819 0.346 0.047 0.353
(b)
F1,10 -0.071 -1.449 -0.831 -1.121 -1.992 -0.019 -0.034
Significance 0.797 0.259 0.386 0.317 0.192 0.894 0.857
Locusta migratoria
(a)
Correlation coefficient -0.429 -0.221 -0.517 -0.242 -0.334 -0.391 0.201
Significance 0.111 0.428 0.049 0.385 0.224 0.150 0.473
(b)
F1,10 -1.184 -2.499 -0.825 -0.864 -3.246 -2.94 -0.093
Significance 0.305 0.148 0.387 0.377 0.105 0.12 0.767
Spodoptera exigua
(a)
Correlation coefficient -0.630 -0.424 -0.142 0.135 -0.169 -0.228 0.047
Significance 0.012 0.115 0.614 0.633 0.548 0.414 0.869 
(b)
F1,10 -0.467 -3.04 -0.203 -0.563 -6.349 -0.827 -3.436
Significance 0.512 0.115 0.663 0.472 0.033 0.387 0.097
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negative relationship clearly depended on the low growth rates of the most preferred 
plant species (fig. 4 ). The relationship between dry matter content and the preference 
of S. exigua was determined by high dry matter content of the less preferred species 
(fig. 4). The negative relationships between lignin content and the preferences of D. 
reticulatum and L. migratoria were based on a combination of both effects (fig. 4).
Figure 4  Relationships between herbivore preference and plant characteristics.
 = Asteraceae,  = Rumex, and  = others.
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 When we compared the mean values for the preference categories that were 
established from the results of all three herbivores, we found significant category 
effects only for dry matter, nitrogen content and adult RGR (table 4). The absence of 
significant differences in juvenile growth rate, lignin content, and hairiness between 
the categories is probably due to the relatively low number of replicates. Although 
there was a category effect for nitrogen content, there were no significant pairwise 
differences for this factor.
Phylogenetic aspects
From the position of the Asteraceae and Rumex species in figure 4, it is clear that the 
negative relations are greatly influenced by the phylogenetic relationships among 
species. It is the preferred Asteraceae that have the lowest RGR’s and relatively low 
lignin contents and dry matter contents. This is why the relations found before 
phylogenetic correction disappeared when analysing phylogenetic independent 
contrasts (table 3). On the other hand, a significant inverse relation was found 
between preference contrasts of S. exigua and juvenile growth rate contrasts (table 3).
Discussion
Choice experiments and plant parameters
Various studies on the behavior of invertebrates in choice experiments have revealed 
a number of factors, that may influence the outcome: diet history (Jermy et al. 1968), 
duration of the assay (Usher et al. 1988), and even time of day the assay is conducted 
(Schoonhoven et al. 1987). In our experiments, these possible influences were minimized 
by feeding the herbivores a diet without any of the experimental species before they 
entered the experiment, and by determining the optimal duration of the experiment in 
advance. A multiple choice experiment has the advantage of emphasizing the 
contrasts between plant species, and avoids the risk of the misleading interpretation 
that may result when extrapolating from separate offer experiments (Peterson & 
Renaud 1989; Roa 1992) or from measurement of individual chemical defence 
compounds. This last approach is particularly unreliable because chemicals may 
vary in their effectiveness depending on their combinations (Berenbaum 1995).
 The finding that some plant species were clearly preferred above others shows 
that the herbivores, although polyphagous, are well able to discriminate among 
species, and therefore are useful to establish an indicatory measure for plant 
resistance against herbivores. The remarkable similarity in the responses of the three 
different herbivores provides a convincing argument for accepting the results as a 
good representation of leaf palatability to generalist herbivores (see also: Grime et al. 
1996).Ta
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 The plant species showed significant differences in defence and growth charac-
teristics, providing the necessary basis for comparison of different anti-herbivore 
strategies. The only exception was recovery after damage, which was not significantly 
different among plant species, and therefore was not included in the comparisons 
with palatability.
Comparisons
We found fewer relationships in our experiments than expected. Some of the negative 
relations between herbivore preference and the factors leaf dry matter and lignin 
content we found disappeared after phylogenetic correction. We did not find evidence 
to support the relationship between regrowth and herbivore preference predicted by 
Van der Meijden et al. (1988): recovery after damage showed no significant differences 
between plant species, while allocation after damage appeared to have no relation 
with herbivore preference. This is possibly because all the species we used were 
perennial plant species, and therefore had less regrowth capacity than the biennial 
species used by Van der Meijden et al. in their experiments. Furthermore, we found 
no positive correlations between palatability and relative growth rate. Instead, in two 
cases we found the opposite: preferred plant species were the slowest growers. As 
demonstrated, the contradictory outcome of this relationship was greatly influenced 
by the phylogenetic relationships among plant species.
Phylogenetic correction
We have shown that the relationships between herbivore preferences and adult RGR, 
between herbivore preference and leaf dry matter and between herbivore preference 
and lignin content, disappear after phylogenetic correction. This implies that Coley et 
al.’s (1985) hypothesis that these traits are adaptations to herbivory is flawed. On 
theoretical grounds, however, one has to acknowledge that not finding a trait-trait 
relationship after taking possible effects of phyletic heritage into account does not 
necessarily mean that such a relationship does not exist (Van Groenendael et al. 
1996; Westoby et al. 1996). On the other hand, the fact that phylogenetic dependency 
can have such profound influence as demonstrated in this experiment, suggests that 
it is advisable to take its possible effect into account when performing comparative 
plant-herbivore studies.
 Confirmation of the existence of trait-trait relationships when using a correlated 
change test provides a basis for adopting the hypothesis that such a trait has adaptive 
value (Van Groenendael et al. 1996). The exact relationships and underlying 
processes, however, need to be confirmed and clarified in further experimental 
research (Ricklefs 1996; Westoby et al. 1996), especially given the puzzling negative 
correlation between herbivore preference and juvenile growth rate (after taking the 
phylogeny into account). Given the number of tests performed, it seems possible that 
241
Comparing the preferences of herbivore species
the finding of such a relationship is due to chance alone. Another explanation might 
be that it is an artefact resulting from subjecting all the plant species to uniform 
(resource-rich) conditions. This may have influenced their growth (and thereby their 
allocation to defence) in such a way that the natural levels of defence and growth 
were no longer reflected. Assuming that there is phenotypic plasticity for allocation of 
resources to defence, the plants’ response to the uniformly high levels of moisture, 
light and nutrients in our experiments might have lowered the defence levels of plants 
that are well defended under their natural (resource-limited) growing conditions (table 
1), while at the same time not affecting the assumedly lower defence levels of plants 
from richer habitats. This hypothesis is in line with the ideas proposed by Baas (1989), 
who pointed out in his extension of the Carbon-Nutrient Balance hypothesis of Bryant 
et al. (1983), that when light is not limiting growth, excess photosynthetates will be 
used for the formation of extra leaf material in high nutrient conditions, while in low 
nutrient conditions they will be allocated to carbon based compounds like cell wall 
material, tannins or starch (storage). This implies that plants adapted to nutrient poor 
sites, being well defended in their natural habitat, will show a shift in carbon/nutrient 
balance when placed under high nutrient conditions, resulting in a diminishing excess 
of photosynthetates and a lower C-based defence level while at the same time 
showing an elevated growth rate. We hypothesize that this effect is lower in plant 
species originating from richer habitats and that this difference between species 
might explain the occurrence of a negative relationship between herbivore preference 
and juvenile growth rate. The underlying assumption for this hypothesis is that 
defence in the species is mainly carbon based. This assumption is supported by the 
fact that Hegnauer & Hegnauer (1962-1992) for the species in our experiment almost 
exclusively mention carbon based secondary metabolites. 
 The hypothesis of ‘context dependent defence’ developed here, of course needs 
further testing. It would be interesting to see whether defence levels in plant species 
from resource rich habitats will also be affected when grown under (unnatural) 
resource limiting conditions. Experiments are currently under way for a set of plant 
species grown under different light and nutrient regimes. In these new experiments, 
species will be chosen from different plant families in order to prevent the profound 
influence of phylogenetic relationships as demonstrated in this paper.
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Abstract
The context-dependent defence (CDD) hypothesis predicts that defence levels of 
plant species against herbivory are not fixed but vary with environmental conditions, 
in a way that is specific for plant species that share evolutionary adaptations to 
resource conditions exemplified by similar maximum relative growth rates. More 
specifically, we expected plants from resource-poor environments to display high 
defence levels but not when grown under resource-rich conditions, while the reverse 
- plants from resource-rich conditions displaying low defence levels but not when 
grown under resource-poor conditions - is not necessarily the case. In this study, we 
used multiple-choice bioassays in which leaf discs were fed to larvae of Spodoptera 
exigua (Hübner) (Lepidoptera: Noctuidae) as an efficient and effective way of 
indicating plant defence levels. This generalist herbivore was capable of detecting 
both inter- and intraspecific differences in defence among plant species. The CDD 
was tested by exploring the effects of various experimental resource conditions (light, 
nutrients) upon the herbivore preferences and by comparing these preferences with 
the maximum relative growth rate of plant species. The experimental results provide 
general support for the CDD hypothesis with respect to nutrient-level variation but the 
effects were not related to the origin of the plant species tested. Variation in light 
conditions did not result in consistent effects upon herbivore preferences. The CDD 
therefore can be formulated more precisely as: defence levels of plant species vary 
under different environmental conditions but in a way that is specific for plant species 
that share evolutionary adaptations to similar nutrient conditions. This more precise 
CDD hypothesis is a useful addition to existing optimal-defence theory because of its 
focus on the possible plastic effects of resource conditions upon plant defence 
levels. This is relevant when designing experimental plant-herbivore studies.
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Introduction
One of the basic assumptions in ecology is the idea that organisms have a limited 
amount of time and energy, and that natural selection is the force determining in 
which way time and energy are allocated (Cody, 1966). In the field of plant-herbivore 
studies, this idea has led to a number of hypotheses concerning the way in which 
plants can allocate resources in order to cope most effectively with the detrimental 
effects of herbivores. Based on the principle of resource limitation, the expectation 
has been formulated that fast-growing plant species are less-well defended against 
herbivores than slow-growing plant species (Herms & Mattson, 1992). This 
expectation is further strengthened by the finding that slow-growing plant species are 
usually found in resource-limited environments (Grime, 1977; Lambers & Poorter, 
1992). In these places, production of biomass is costly and therefore the biomass of 
such plant species must be well defended (Coley et al., 1985). However, in an 
experiment designed to test this expected trade-off between growth rate and defence 
using a generalist herbivore [beet armyworm, Spodoptera exigua (Hübner) 
(Lepidoptera: Noctuidae)] and 15 perennial dicotyledonous herbaceous plant 
species, the opposite was found (Hendriks et al., 1999). It was suggested that this 
reverse relationship resulted from the uniformly resource-rich growing conditions in 
the experiment, potentially lowering the defence levels of plants from naturally 
 resource-limited growing conditions, while the defence levels of plant species from 
naturally resource-rich conditions remained unaffected.
 In this paper, we tested this hypothesis of ‘context-dependent defence’ (CDD): 
defence levels of plant species differ under varying resource conditions but in a way 
that is determined by the evolved adaptations to their natural resource levels. The 
idea of a context dependency in defence has been reported for social insects (Sakata 
& Katayama, 2001) and in relation to immune defence (Schmid-Hempel, 2003), but is 
relatively new to plant-herbivore studies and needs further testing in this field 
(Schädler et al., 2003, 2007; Donaldson & Lindroth, 2007; Glynn et al., 2007; Osier & 
Jennings, 2007; Haugen et al., 2008).
 Hamilton et al. (2001) point out that an evolution-based, cost-benefit analysis of 
plant defence (or ‘optimal defence’ theory; Rhoades, 1979; Herms & Mattson, 1992) 
allows clear predictions of defence levels in relation to resource availability that can 
be tested. However, over the last decades only in a few of such tests have investigators 
ascertained that their experimental treatments fell within an ecologically-relevant 
range of resource levels (Hamilton et al., 2001). We therefore present the CDD as a 
useful extension of the optimal defence theory (Rhoades, 1979; Herms & Mattson, 
1992), incorporating resource availability as a relevant variable.
 To test the CDD hypothesis, 12 perennial dicots representing a range of habitats 
differing in light and nutrient availability were grown under contrasting light and 
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nutrient conditions. Their palatability was tested in a series of multiple choice assays, 
in which leaf discs were fed to larvae of S. exigua. The amount of leaf tissue removed 
or left by a generalist herbivore is of direct influence upon the fitness of a plant. It is 
considered to be a better indication of a plant’s total defensive investment than 
inferences made from measuring one or two possibly active chemical components 
(Hamilton et al., 2001). Therefore, experimental bioassays are considered a powerful 
tool in plant-herbivore studies. Moreover, in order to explore the relationship between 
leaf palatability and one known relevant chemical component, leaf tannin 
concentration was measured as well. 
 We expected (1) the ranking of plant species’ palatability in the first place to be 
based on evolutionary trade-off between growth rate and defence level, (2) the 
relationship between maximum relative growth rate of the plants and leaf palatability 
to be dependent upon plant growing conditions, (3) plant species experiencing nutri-
ent-limited growing conditions under natural conditions to be better defended under 
similar experimental growing conditions than under nutrient-rich experimental 
growing conditions, potentially reversing the ranking order, (4) as a corollary of 3, 
each plant species to be best defended when grown under conditions most 
resembling their natural growing conditions, and (5) a negative relationship between 
leaf palatability and leaf tannin concentration.
Materials and methods
Plants
We selected 12 plant species with contrasting light and nutrient preferences (Table 1). 
To prevent the possibly confounding influence of phylogenetic relationships as 
demonstrated by Hendriks et al. (1999), plant species were selected from 10 families 
(for two families species from two genera were used). Only dicotyledonous, perennial, 
herbaceous plants were used.
 The plants were germinated in a greenhouse (early spring) on sifted potting soil 
from seeds collected in the field from several plants of a healthy population. For each 
plant species, seeds were collected from a location with typical light conditions and 
nutrient availability (in accordance with their Ellenberg indicator values). Juvenile 
plants were transferred to 14 cm-diameter pots within 7 weeks after germination. 
These pots were filled with a homogeneous mixture of three parts of mineral sand to 
one part of sifted common garden soil. 
 Plants were grown under different reciprocal combinations of low and high light 
and nutrient levels in a complete factorial design. The low-nutrient treatment received 
no addition to the potting mixture mentioned above. The high-nutrient treatment 
received 30 ml Hoagland’s solution (full strength, without micro-elements) twice a 
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week. This amounted to 0.36 mM KNO3, 0.24 mM Ca(NO3)2, 0.12 mM NH4H2PO4, and 
0.06 mM MgSO4 each week. Plants with different nutrient treatments were randomly 
placed on two greenhouse tables. Contrast between high and low light levels was 
reached by erecting 75% shade cloth above one of the greenhouse tables. 
High-pressure sodium (Son-T 600 Watt; Philips, Eindhoven, Netherlands) and 
mercury-iodide lamps (HPI-T 400 Watt; Philips, Eindhoven, Netherlands) provided 
additional light for the high-light treatment for 18 h each day. At sunshine levels in 
excess of 400 W m-2, a screen was lowered on the sun side of the greenhouse. 
Analysis of variance of eight replicated light measurements at 15 locations in both 
treatments revealed a significant difference in light intensity (78 and 20 μEm-2 s-1, 
respectively; F = 282, d.f. = 1, P<0.0001) but also a significant effect of location 
Table 1  Plant species with their indicator values for resource availability (light and nutrients) in 
their natural habitats on a scale from 1 [low] to 9 [high]; X, indifferent (Ellenberg et al., 1991). 
Light environments: indicator value >7; shaded environments: indicator value <7; nutrient-rich 
environments: indicator value >6; nutrient-poor environments: indicator value <6. Plant species 
names according to van der Meijden (2005).
Abbre-
viation
Light 
indicator 
value
Nutrient 
indicator 
value
Family
Species from light- and nutrient-rich environments
Cynoglossum officinale L. Co 8 8 Boraginaceae
Silene latifolia Poiret Sl 8 7 Caryophyllaceae
Species from light- and nutrient-poor environments
Hypochaeris radicata L. Hr 8 3 Asteraceae
Oenothera deflexa L. Od 8 3 Onagraceae
Jacobaea vulgaris L. Jv 8 5 Asteraceae
Species from shaded and nutrient-rich environments
Rumex sanguineus L. Rs 4 7 Polygonaceae
Scrophularia nodosa L. Sn 4 7 Scrophulariaceae
Species from shaded and nutrient-poor environments
Campanula persicifolia L Cp 5 3 Campanulaceae
Teucrium scorodonia L. Ts 6 3 Lamiaceae
Geum rivale L. Gr 6 4 Rosaceae
Species from intermediate environments
Digitalis purpurea L. Dp 7 6 Plantaginaceae
Prunella vulgaris L. Pv 7 X Lamiaceae
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within the two treatment set-ups (F = 22, d.f. = 14, P<0.0001). Therefore the plants 
were randomly picked for use in the bioassays. Temperature in the greenhouse was 
kept constant at 18 °C.
Plant growth characteristics
Tannin concentration of leaves, root/shoot ratio, and dry weight
Tannin concentration, root/shoot ratio, and dry weight were determined from a subset 
of the same set of plant individuals used in the bioassays (five plants per species for 
tannin concentration and 10 others for root/shoot ratio and dry weight). Plant 
individuals were subsequently harvested, rinsed, and dried to constant weight. Root 
and shoot were weighed separately and their ratio was calculated. The number of 
replicates ranged between 6 and 10 for each treatment × species combination.
For the analysis of tannin concentration, the youngest fully expanded leaf from each 
of the five plants per treatment was used. Tannin concentration was determined 
according to the method described by Hagerman & Butler (1978) and Mole & 
Waterman (1987). 
Maximum relative growth rates
Maximum relative growth rate of the plants was determined in order to explore the 
hypothesised relationships between plant growth and leaf palatability. Maximum 
relative growth rates (RGRmax) were determined in a separate experiment by growing 
10-12 individuals of each of the 12 plant species in a climate chamber (27 °C, L14:D10, 
60-110 (average 90) μEm-2 s-1) in pots filled with sieved potting soil. Plants were 
rearranged randomly within the chamber twice a week in order to prevent possible 
effects of differences in light levels. The plants received 25 ml Hoagland’s solution 
(full strength, without micro-elements) twice a week. This amounted to 0.3 mM KNO3, 
0.2 mM Ca(NO3)2, 0.1 mM NH4H2PO4, and 0.05 mM MgSO4 each week. Thus RGRmax 
was measured under conditions that were similar to the high-light/high-nutrient 
treatment.
 A non-destructive method (Poorter & Lewis, 1986) was applied for the 
determination of RGRmax. For this purpose an index figure of three plant parameters 
was measured at intervals of 1-3 days: number of leaves × length of the largest leaf 
× width of the largest leaf. The measurements started between 8 and 32 days 
(average 18) after germination and at least 3 days after planting of the seedlings in the 
containers. Plant growth was monitored for 21-36 (30) days.  The plants were 
harvested immediately after the last measurements, washed, and dried at 75 °C to 
constant weight.  The correlation coefficients between dry weight and the index figure 
were derived from these data. For each individual plant, RGRmax was calculated using 
the formula of Fisher (1920): (lnW2 – lnW1) / T, where W2 and W1 are whole plant dry 
weights at the end and beginning, respectively, of the interval that best represents the 
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exponential growth phase (e.g., shows the steepest slope when plotting growth on a 
logarithmic scale against time) and T is the length of the interval in days. 
Statistical analysis of plant growth characteristics
Species and treatment effects upon plant growth characteristics were explored in 
order to check for the presence of sufficient contrasts in the data before using them 
to make comparisons with leaf palatability. GLM (SAS, 1999; including both species 
and treatment as classes) was used to compare the plant growth characteristics, 
tannin concentration of leaves, root/shoot ratio, and dry weight among species and 
treatments. GLM (including species as classes) was used to compare maximum 
relative growth rates among species. In all cases, Tukey’s means separation test 
revealed the significance of the pairwise differences.
Bioassays
Fourth instars of beet armyworm were chosen for testing palatability (Hendriks et al., 
1999; Van Zandt, 2007). The caterpillars were obtained from laboratory colonies (in 
which they were kept for several years before entering this experiment) and reared on 
an artificial medium (Smits et al., 1986) to ensure that they had no experience with the 
plant species used in the experiments. The artificial diet was adapted from Poitout & 
Bues (1974): 80% water, 1.8% agar, 13% grits of maize, 3.2% wheat germ, and 3.4% 
brewer’s yeast. Leaf discs were taken from the youngest fully expanded leaves of 
plants between 20 and 28 weeks of age, using a cork borer with a diameter of 9 mm. 
For each of the replicates, leaf discs were placed in a Petri dish of 9 cm diameter on 
a layer of agar (1.5%) to prevent desiccation and displacement during the experiment. 
The multiple-choice bioassays were carried out with S. exigua larvae in two ways. The 
first experiment (‘plant species comparison’) was meant to obtain a ranking in 
herbivore preference of plant species (and the possible effect of treatment on this) 
and the second (‘treatment comparison’) was to obtain a ranking in herbivore 
preference of plants grown under different treatments (and the possible effect of 
plant species on this). In the first set of bioassays, leaf discs from all 12 plant species 
that had received the same treatment were placed in a Petri dish and offered to the 
herbivores (species comparison bioassays). One leaf disc of each of the 12 plant 
species was randomly placed in two rows of six. The leaf discs were presented in 
rows with insects added to the center of the dish, in between the rows. This was done 
because of practicality of digital images processing. Three caterpillars were placed 
in each of the Petri dishes. This was repeated 15 times for each of the four treatments. 
In the second set of bioassays leaf discs from all treatments of each plant species 
were placed in a Petri dish and offered to the herbivores (treatment comparison 
bioassays). One leaf disc of each of the treatments was randomly placed in one row 
of four. One caterpillar was placed in the dish. This was repeated 15 times for each of 
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the 12 plant species. During the experiment the dishes were kept at 20-25°C under 
continuous illumination. 
 The area consumed of each leaf disc was recorded with a video camera at two 
moments in time, i.e., after 7.5-9.5 h (mean 8.4) and after 22.5-96 h (mean 32), thus 
dividing the bioassay in two separate intervals with an average length of 8.4 and 24 
(32-8) h, respectively. This was done because the larvae discriminated between the 
most preferred discs (plant species or treatments) in the first part of each bioassay 
(while not touching the less preferred discs). They only started discriminating between 
the less preferred discs after having finished the most preferred discs. Measuring the 
leaf area consumed at different intervals thus provided more information about the 
entire ranking order of leaf palatability. For reasons of practicality, the number of 
intervals was limited to two. The large variation in length of the second interval is due 
to one outlier: the very first replicate bioassay was prolonged much longer (96 h) than 
all the following ones. The mean length of the second interval without this outlier was 
29 h. The digital images were analysed using VIDAS 2.1 (Kontron Elektronik, Eching, 
Germany). 
 To avoid possible effects of inducible defence mechanisms, leaf discs were 
taken only once from each individual plant. Furthermore the herbivores were placed 
in the dishes within 5 min after cutting the discs.
Statistical analysis of bioassay results
It is important to note that palatability values from choice experiments are mutually 
dependent within each Petri dish. Therefore Friedman ANOVA (based upon rank 
numbers) has to be used to test for differences in leaf area consumed (Roa, 1992; 
Lockwood, 1998). These methodological considerations are currently more widely 
recognized in the field of marine plant-herbivore studies than in the terrestrial field. 
Multiple comparisons on rank sums from the Friedman ANOVA (α = 0.05; Siegel & 
Castellan, 1988) revealed which plant species or which treatment was preferred, and 
which was rejected. 
 For these non-parametric statistical analyses, the area consumed of each leaf 
disc (in mm2) was transformed into rank numbers. In order to make maximal use of 
the information collected in both intervals, one ranking per disc was established from 
the sum of rankings obtained in each interval. As mentioned, the herbivores only 
started to discriminate between the less preferred discs in the second part of the 
assay. Increasing hunger of the larvae might have played a role in this, but also the 
fact that in the second interval the most preferred leaf discs had disappeared largely 
or totally. Therefore the probability of finding the remaining less preferred leaf discs 
increased over the course of the bioassay. Thus, for the plant species or plants from 
treatments at the non-preferred end of the spectrum, the information collected in the 
second interval was more important compared to the preferred plants. For some 
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plants, the first interval was the most discriminating one, for others the second one. 
Because rank numbers were used, a combined measure could easily be obtained by 
calculating the sum of the rank number in each of the two intervals for every single 
leaf disc. 
 Treatment effects upon herbivore preferences in the plant species comparison 
bioassays were also explored non-parametrically using Spearman correlation 
coefficients. The Spearman correlation coefficients were calculated from the 
herbivore preference rankings in the four bioassays in which plants that received the 
same treatment were placed in one Petri dish. These Spearman correlation coefficient 
calculations were performed twice, once for the data collected in the first interval of 
the bioassays and once for the results of the total bioassay until the end of the second 
interval.
Relationships between herbivore preference and plant species traits
The data for herbivore preference (leaf disc area consumed) and plant species traits 
were not normally distributed. Therefore Spearman rank correlations were calculated 
to compare herbivore preference with the two plant species traits (maximum relative 
growth rate and leaf tannin concentration). Tannin concentration was measured 
separately for all four treatments. Therefore, Spearman rank correlation was also 
calculated between herbivore preference and tannin concentration with separate 
data for each treatment. The single available RGRmax ranking was used four times for 
comparison with the four rankings of herbivore preference for each of the treatments, 
therefore a Bonferroni correction was necessary in the case of these four comparisons 
(but not actually performed: see results).
Results
Treatment effects
Growth 
Clear differences in dry weight existed among the plants grown under the different 
treatment combinations (GLM: F = 113, d.f. = 3, P<0.0001). The plant species effect 
and the interaction between plant species and treatment were significant as well (F = 
17, d.f. = 11 and F = 3, d.f. = 33, respectively, both P<0.0001). All plant species 
showed significant treatment effects (F = 7-16.5, 0.001<P<0.01 for 10 plant species 
and 0.01<P<0.05 for two species). Tukey’s means separation test at the species level 
showed consistent patterns among plant species. For all species, plants grown 
under unshaded conditions formed significantly more biomass compared to shaded 
conditions. Within the shaded group, there were no significant biomass differences 
among the nutrient-poor (l-n-) vs. nutrient-rich treatments (l-n+). For seven species 
56
Chapter 3
within the unshaded group, plants grown under nutrient-poor conditions were 
significantly smaller than those grown under nutrient-rich conditions.
Root/shoot ratio
As expected, plants grown under nutrient-poor conditions invested significantly more 
of their biomass into roots compared to plants grown under nutrient-rich conditions. 
GLM analysis showed highly significant species and treatment effects, as well as a 
significant interaction between the two (F = 74, d.f. = 11; F = 154, d.f. = 3; and F = 
7, d.f. = 33, respectively, all P<0.0001). 
 The results of analysis at the species level were consistent with the overall 
treatment effect. All plant species showed significant treatment effects (F = 7-90.5, 
0.001<P<0.01 for nine plant species and 0.01<P<0.05 for three species) and in all 
cases root/shoot ratio was significantly highest under unshaded, nutrient-poor 
conditions (Tukey pair-wise comparison of treatments within species; data not 
shown). Within the nutrient-poor treatment, plants grown under unshaded conditions 
showed a significantly larger root/shoot ratio than those grown under shaded 
conditions (except for Silene Latifolia Poiret). Within the nutrient-rich treatment, there 
were no significant differences between the root/shoot ratios in the shaded and 
unshaded treatments (except for Digitalis purpurea L.).
Tannin concentration of leaves
GLM analysis showed highly significant species effects (P<0.001) but no treatment 
effects and no significant interaction. At the species level, tannin concentration of the 
leaves was significantly different among treatments for only three of the plant species 
(Table 2). Within these species, plants grown under unshaded, nutrient-poor conditions 
had significantly higher tannin levels than plants grown under shaded, nutrient-rich 
conditions. For Cynoglossum officinale L. and D. purpurea, the other two treatment 
combinations (light and nutrients both high and both low) showed intermediate tannin 
levels. Within Teucrium scorodonia L. also the shaded, nutrient-poor treatment resulted 
in significantly lower tannin content than the unshaded, nutrient-rich treatment, 
indicating that for this plant species light is the main determining factor.
Maximum relative growth rates
Plant species differed significantly with respect to their RGRmax (GLM: F = 36.8, d.f. = 
150, P<0.0001). Tukey pair-wise comparisons identified two major contrasting plant 
species groups with Oenothera Deflexa L., Hypochaeris Radicata L., S. latifolia, and 
Scrophularia nodosa L. having a significantly higher RGRmax (0.4-0.48 g g
-1 day-1) than 
all other plant species (0.28-0.33 g g-1 day-1). RGRmax of Geum Rivale L. (0.24 g g
-1 
day-1) was significantly lower than all other species except for C. officinale (0.28 g g-1 
day-1).
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Chapter 3
Herbivore preferences
Preferences per treatment: plant species comparison bioassays
Within each treatment, there were highly significant differences in herbivore 
acceptance of the various plant species (light, nutrient-rich conditions: F = 30.3; 
light, nutrient-poor conditions: F = 22.4; shaded, nutrient-rich conditions: F = 31.7; 
shaded nutrient-poor conditions: F =21.0; in all cases d.f. = 11, P<0.0001). Within all 
treatments Campanula persicifolia L., S. latifolia, H. radicata, Prunella vulgaris L., and 
Rumex sanguineus L. were preferred to S. nodosa, T. scorodonia, O. deflexa, and D. 
purpurea; C. officinale, G. rivale, and Jacobaea vulgaris L. take intermediate positions 
(Figure 1).
Figure 1  Herbivore preferences in the plant species comparison bioassays per treatment; for 
species abbreviations, see Table 1. Lower parts of the bars: mean amount eaten (mm2) during 
the first interval (between the start of the bioassay and the first measurement). Upper parts of 
the bars: additional mean amount eaten (mm2) during the second interval (between the first 
and second measurement). The total amount of leaf material presented to the herbivores in 
each Petri dish was 66 mm2 for each plant species. Species bars capped with the same letter 
were not significantly different (α = 0.05; P>0.05) after a multiple comparison using Friedman 
ANOVA of (overall) rank numbers. Plant species in the preferred group were significantly 
different from all species in the non-preferred group and vice versa.
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Cynoglossum officinale belonged to the non-preferred group, except when grown 
under light, nutrient-poor conditions. In that case the preference of the larvae for this 
plant species was not significantly different from all but one species of the preferred 
group. The same applied to G. rivale under shaded, nutrient-poor conditions. 
Jacobaea vulgaris, on the other hand, belonged to the preferred group under shaded 
conditions, but the preference of the larvae for this plant species was not significantly 
different from most of the species of the non-preferred group under unshaded 
growing conditions.
 Feeding pattern of the herbivores in the plant species comparison bioassays 
showed profound similarities between treatments. Spearman correlation coefficients 
between herbivore preferences within treatments indicated that there was limited 
treatment effect upon herbivore preference (Table 3).
Relationships between herbivore preference in the plant species comparison 
bioassays and plant species traits
No significant Spearman rank correlation between palatability and RGRmax was 
found (not even without Bonferroni correction, so no actual Bonferroni correction 
was calculated), nor between palatability and the measured levels of leaf tannin 
concentration. 
Table 3  Treatment effects on Spodoptera exigua preferences in the plant species comparison 
bioassays. Spearman correlation coefficients, calculated from the herbivore preference 
rankings in the four bioassays in which plants that received the same treatment were placed in 
one Petri dish and offered to the herbivores. These calculations were performed twice, once for 
the data collected in the first interval of the bioassays (Short) and once using the results of the 
total bioassay until the end of the second interval (Long). Treatment: l+n+ = light, nutrient rich; 
l+n- = light, nutrient poor; l-n+ = shaded, nutrient rich; l-n- = shaded, nutrient poor.
Interval length Treatment l-n- l+n- l-n+
Short 
(first interval)
l+n+ 0.87, P<0.0001 0.88, P<0.0001 0.80, P<0.001
l-n+ 0.89, P<0.0001 0.73, P<0.01
l+n- 0.85, P<0.0001
Long 
(first plus  
second interval)
l+n+ 0.82, P<0.001 0.91, P<0.0001 0.88, P<0.0001
l-n+ 0.78, P<0.001 0.85, P<0.0001
l+n- 0.87, P<0.0001
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Preferences per plant species: treatment comparison bioassays
Hendriks et al. (1999) demonstrated the capability of S. exigua larvae to discriminate 
between plant species with respect to plants’ palatability. This capability was clearly 
confirmed in the plant species comparison bioassays (Figure 1). In addition, S. exigua 
detected differences in palatability of leaf material from plants grown under different 
light and nutrient conditions (Figure 2). 
Figure 2  Spodoptera exigua preferences in the ‘treatment comparison bioassays’ per plant 
species; for species abbreviations, see Table 1. Lower parts of the bars: mean amount eaten 
(mm2) during the first interval (between the start of the bioassay and the first measurement). 
Upper parts of the bars: mean amount eaten (mm2) during the second interval (between the 
first and second measurement). The total amount of leaf material presented to the herbivores in 
each Petri dish was 66 mm2 for each treatment. Treatments sharing a letter were not significantly 
different (α = 0.05; P>0.05) after a multiple comparison using Friedman ANOVA of (overall) 
rank numbers (C. officinale: F = 10.5, P<0.0001; S. latifolia: F = 1.3, P>0.05; H. radicata: F = 
3.2, P<0.01; O. deflexa: F = 2.5, P>0.05; J. vulgaris: F = 3.4, P<0.01; R. sanguineus: F = 1.5, 
P>0.05; S. nodosa: F = 1.6, P>0.05; C. persicifolia: F = 6.7,  P<0.001; T. scorodonia: F = 3.4, 
P<0.01; G. rivale: F = 3.2, P<0.01; D. purpurea: F = 8.0, P<0.0001; P. vulgaris: F = 5.5, 
P<0.001; for all, d.f. = 3). Only plant species with significant treatment effects are shown. 
Between brackets the natural habitat conditions of the plant species are indicated: l+n+ = 
light, nutrient rich; l+n- = light, nutrient poor; l-n+ = shaded, nutrient rich; l-n- = shaded, 
nutrient poor.
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Eight of the 12 plant species showed significant effects of treatment upon herbivore 
preferences in the treatment comparison bioassays. In the plant species comparison 
bioassays only three plant species showed significant effects (C. officinale, G. rivale, 
and J. vulgaris; Figure 1). Thus the enforced choice between treatments in this set of 
bioassays delivered more information about the effect of habitat conditions upon 
plant palatability. The results from the treatment comparison bioassays confirmed 
the feeding behaviour of S. exigua in the plant species comparison bioassays of C. 
officinale, J. vulgaris, and G. rivale. 
Discussion
We expected (1) the ranking of plant species’ palatability in the first place to be based 
on evolutionary trade-off between growth rate and defence level, (2) the relationship 
between maximum relative growth rate of the plants and leaf palatability to be 
dependent upon plant growing conditions, (3) plant species experiencing nutri-
ent-limited growing conditions under natural conditions to be better defended under 
similar experimental growing conditions than under nutrient-rich experimental 
growing conditions, potentially reversing the ranking order, (4) as a corollary of 3, 
each plant species to be best defended when grown under conditions most 
resembling their natural growing conditions, and (5) a negative relationship between 
leaf palatability and leaf tannin concentration.
 When comparing palatability among plant species, the evolved species-specific 
differences in palatability appeared to be stronger than the effects of the contrasting 
growing conditions. Plant palatability therefore has a strong evolutionary component, 
matching expectation 1. However, the consistent ranking in palatability was not 
correlated with RGRmax, when comparing among plant species. This means that the 
expected trade-off between growth rate and defence postulated by several authors 
(e.g., Herms & Mattson, 1992) and explicitly formulated as our first expectation, was 
not confirmed within this set of plant species. The original CDD hypothesis, being 
based on the relationship between growth and defence, predicted this relationship to 
be present under one (or more) of the growing conditions and to be absent under 
others (expectations 2 and 3). Lack of a growth-defence correlation under all four 
growth conditions implies that the CDD hypothesis could not be verified as originally 
intended. 
 However, there were strong and significant differences between the growing 
conditions. This was shown by large variation in root/shoot ratio and dry weight, thus 
excluding the possibility that the contrast between experimental conditions was too 
small. Therefore, within the overall similar ranking order, a number of significant 
changes in ranking due to the environmental circumstances occurred. Interestingly, 
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these changes did not include plants from naturally nutrient-poor conditions losing 
their defence when placed under nutrient-rich conditions (our expectation 3), but had 
a more general effect providing support for expectation 4: each plant species is best 
defended when grown under conditions most resembling its natural growing 
conditions.
 The CDD hypothesis by definition equally includes both evolved (species) and 
ecological (treatment) effects. The dominance of the species effect in the bioassays 
that included all 12 plant species together limited their suitability to properly test the 
CDD hypothesis. However, the additional set of bioassays including the four 
treatments per plant species produced clear evidence for a more general context 
dependence in plant defence mechanisms. Forcing the herbivores to choose 
between the ecologically determined palatability differences, whilst ruling out the 
effects of evolutionarily determined species effects, revealed a strong influence of 
experimental resource conditions upon plant palatability. 
 Four of the six plant species from naturally nutrient-poor conditions did show 
preference differences as expected. For these four species (H. radicata, J. vulgaris, T. 
scorodonia, and G. rivale) the relative level of defence (= inverse of preference) 
indeed was highest for plants grown under the treatments that equalled their naturally 
nutrient-poor habitat conditions. Also C. officinale, a plant species from naturally 
nutrient-rich habitat conditions was significantly less defended under light but 
nutrient-poor conditions, compared to the nutrient-rich treatment. These results 
provide support to our more general expectation 4, at least where changes in nutrient 
availability are concerned. The same cannot be said for the light factor. None of the 
five plant species from naturally shaded conditions showed differences in herbivore 
preference due to different light regime treatments. On the other hand, J. vulgaris, as 
a plant species from naturally light conditions (among four other plant species in our 
experiments), was also best defended under light experimental conditions (Figure 2). 
However, the fact that the CDD hypothesis was confirmed for the factor light only 
one-sidedly by the results from only one plant species, is not strong enough to 
generally accept the hypothesis for this factor. The results for J. vulgaris may be 
explained by just one specific chemical parameter. As it happens, J. vulgaris is one 
of the two plant species in our experiment that are reported to contain alkaloids 
(Hegnauer & Hegnauer, 1962-1992). Vrieling & van Wijk (1994) showed for J. vulgaris 
that the production of alkaloids is costly under light-limiting conditions. In our 
experiments, no negative relationship between herbivore preference and tannin 
concentration (expectation 5) was found. So apparently it is not this chemical 
deterrent that determines plant defence in this set of species. This illustrates the point 
made by Hamilton et al. (2001) that making inferences about defensive investment of 
a plant from measuring one or two possibly active chemical components has its 
limitations. 
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 The results of our experiments led to the conclusion that the context-dependent 
defence hypothesis needs to be limited in its generality: defence levels of plant 
species vary with environmental conditions but in a way that is specific for groups of 
plant species that share adaptations to similar nutrient conditions during their 
evolutionary history. Such a more specified CDD hypothesis nevertheless remains 
highly relevant. As stated above, experimental bioassays are a powerful tool in 
plant-herbivore studies and therefore will continue to be used frequently. Our 
experiments demonstrated that a careful consideration of experimental resource 
conditions is needed. 
 The CDD hypothesis implies that it is not only necessary to adopt an evolutionary 
perspective when interpreting relationships between plant species at an ecological 
time scale (Hamilton et al., 2001), but also to incorporate species-specific plastic 
variation in response to environmental variation when designing and interpreting 
ecological experiments for testing plant herbivore theory, especially when it comes to 
nutrient availability. It thus provides a useful extension of the optimal defence theory 
(Rhoades, 1979; Herms & Mattson, 1992). 
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Abstract
Chlorosis caused by iron deficiency is commonly associated with high bicarbonate 
levels in the soil. However, in rare cases such chlorosis has been observed in soils 
with high nitrate levels. In a dutch rich-fen, chlorosis has been noted in stands of 
Juncus acutiflorus at locations where groundwater containing high levels of nitrate 
reached the surface. Experiments revealed that the chlorosis could be attributed to 
iron deficiency although iron levels in the shoots were well above the known 
physiological threshold values for iron deficiency. It is postulated that increased 
nitrate assimilation leads to an increased apoplastic pH and to a concomitant 
immobilisation of iron and/or lower iron (III) reduction. Moreover free amino acid 
levels were markedly higher in the iron deficient plants in the field.
It was found, however, that the percentage of nitrogen present as free amino acids 
was not influenced directly by low iron levels but mainly by the C/N ratios in the 
shoots. Nowadays, nitrate concentrations in ground water as high 1000 μM are no 
longer an exception in the Netherlands. We propose that strongly increased nitrate 
inputs may cause iron stress in natural vegetations, especially in wet habitats.
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Introduction
Chlorosis caused by iron deficiency is a phenomenon which is often observed on 
alkaline soils with a high (bi)carbonate content (Kinzel, 1982; Mengel, 1994; Mengel 
and Geurtzen, 1988). Alkaline conditions inhibit iron uptake by counteracting the 
rhizosphere acidification of the roots (Bienfait, 1989). In aquatic macrophytes iron 
deficiency until now was only observed in Nymphoides peltata (Smolders et al.,1994) 
and Stratiotes aloides (Smolders et al., 1996) on patches with high sulphide levels in 
the soil pore water. Besides high alkalinity and elevated sulphide, high nitrate levels 
in the soil may also promote iron chlorosis (Aktas and van Egmond, 1979; Bienfait, 
1989; Mengel, 1994; Mengel et al., 1994).
 Nitrate uptake usually causes alkalinisation of the rhizosphere due to the 
concomitant excretion of OH- or HCO3
- (Bienfait, 1989; Marschner, 1995; Romheld et 
al., 1984). When iron availability is low, nitrate uptake may lead to iron deficiency in 
so-called iron inefficient plants. These plants continue to excrete OH- or HCO3
- when 
iron stress develops, instead of initiating the excretion of H+ ions as do iron efficient 
plants under the same conditions (Aktas and van Egmond, 1979; Romheld et al., 
1984).
 Nitrate induced iron deficiency is assumed to occur mainly on alkaline soils 
where, due to the high pH values, ammonium is rapidly nitrified. Especially when 
nitrogen is applied, for instance as a fertilizer, nitrate induced iron chlorosis might be 
a relevant problem (Mengel, 1994). At present, nitrate leaching is a serious problem 
in large areas of the Netherlands: due to excess fertilisation of pastures, soils become 
saturated with nitrate which consequently leaches to deeper soil layers. Therefore, in 
ground water, nitrate concentrations of more than 1000μM are no longer an exception. 
When groundwater containing high levels of nitrate, infiltrates in more or less nutrient 
poor areas, eutrophication as well as iron deficiency might be expected.
 In this article we try to establish the relation between the infiltration in wetlands of 
groundwater containing high levels of nitrate and the occurrence of chlorosis in iron 
inefficient species such as Juncus acutiflorus Ehrh. ex Hoffm. Therefore, leaf tissue 
and soil pore water were sampled in chlorotic and green J. acutiflorus stands. Nitrate, 
ammonia and alkalinity were measured in the soil pore water, whereas leaf pigments, 
carbon and nitrogen were determined in leaf tissue destruates. pH, iron and a number 
of other relevant elements were measured in both. Since iron deficiency is frequently 
accompanied by the accumulation of free amino acids (Kinzel, 1982) these were also 
included in the tissue analysis. Furthermore, a laboratory experiment was carried out 
in which iron deficiency in chlorotic plants was counteracted by applying Fe(III)
NaEDTA and green plants were grown on nutrient solution containing a high nitrate 
level, equivalent to the upwelling groundwater at chlorotic patches.
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Materials and methods
Study sites
Field sampling (see below) was carried out in four localities: the springs of “De 
Mosbeek” and three reference sites. The springs of “De Mosbeek” are located in the 
eastern part of the Netherlands (52º26’78” N, 6º52’30” E), at the lower part of a 
shallow slope of the ice-pushed ridge of “Ootmarsum”. This moraine consists of 
pleistocene end-moraine and sand deposits, underlain by a layer of tertiary clay. This 
impermeable clay layer separates the coarse sand deposits at the surface from 
deeper aquifiers (Kooijman et al., 1994). The catchment area consists of a basin of 
about 1 square km and is covered with forests, heathlands and agricultural fields 
(Kooijman et al., 1994). Locally, groundwater reaches the surface and runs down 
through flowchannels. At these spots, J. acutiflorus shows chlorosis, resulting in a 
pattern of chlorotic patches in a healthy green vegetation (Figure 1).
The springs of “De Mosbeek” consist of two spring systems: an upper spring system 
where plant communities characteristic for mesotrophic habitats are found and a 
lower one, containing a vegetation characteristic of more eutrophic sites (Kooijman et 
Figure 1  Typical pattern of chlorotic patches within the furthermore green vegetation of Juncus 
acutiflorus at the springs of “De Mosbeek” (The Netherlands). 
(Photograph courtesy of R. Bobbink.)
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al., 1994). The patches with chlorotic J. acutiflorus are located in the upper system. 
The vegetation at this site is characterised by the rich-fen community Campylio-cari-
cetum dioicae (Osvald, 1923 em. Dierßen 1982; Schaminée et al., 1995). 
 For comparison, field sampling was also carried out at three locations in the 
Netherlands where nonchlorotic J. acutiflorus was present: “De Banen” (51º16’ N, 
5º48’ E), “Het Breklenkampse Veld” (52º26’ N, 7º00’ E) and “Staverden” (52º16’N, 
5º44’E). At these localities no seepage of groundwater occurs. For a more detailed 
description of the sites we refer to Roelofs et al. (1996).
Field sampling
Shoots from chlorotic as well as non-chlorotic Juncus acutiflorus were collected at 
the “Mosbeek” site in May and June 1995. The tissue was quick-frozen immediately 
after collection and taken to the laboratory for chemical analysis. The shoots from the 
chlorotic parts of the vegetation were subdivided in severely chlorotic (entirely yellow 
leaves) and intermediately chlorotic leaves (with some green parts).
 At the same locations where shoot material was collected, soil pore water 
samples were taken, using ceramic cups which were put in the upper 10 cm of the 
soil. Pore water was sucked out by connecting the ceramic cups to vacuum serum 
bottles. In the laboratory pH and alkalinity were determined within 5 hours after 
collection in the field. Next, the samples were fixed with a few grains of citric acid and 
stored at -20 ºC until further analysis.
Leaf tissue destruates
For elemental analysis 50 mg of oven-dried (48 h, 70 ºC) and ground leaf tissue were 
dispersed in 5 ml concentrated H2SO4, incubated at room temperature for 24 h, 
heated to 150 ºC and digested by slowly adding 2 mL 30% H2O2. The destruates were 
diluted to 100 mL with bi-distilled water and stored at 5 ºC until further analysis.
Chemical analyses
In both soil pore water samples and leaf destruates phosphorus, sodium, potassium, 
calcium, magnesium, iron, manganese and zinc were measured using an spectro 
model spectro-flame inductive-coupled plasma emission spectrophotometer (ICP). 
In the soil pore water samples, the following were measured with a Technicon II Auto 
Analyser: nitrate according to Kamphake et al. (1967), ammonia according to 
Grasshoff and Johansen (1977) and chloride according to O’Brien (1962).
Leaf pigments
For extraction of leaf pigments, frozen leaf tissue was ground in liquid nitrogen and 
0.5 g was put into a 10 mL centrifuge tube filled with 10 mL 96% ethanol. Tubes were 
shaken for 24 h in the dark at 4 ºC. The supernatant fraction was recovered by 
72
Chapter 4
centrifugation (10 min, 8000 r.p.m.). Leaf pigment concentrations were determined 
spectrophotometrically according to Wellburn and Lichtenthaler (1984).
Amino acids
Free amino acids were extracted by the method of Van Dijk and Roelofs (1988) with 
some slight modifications. For quantification, fluorescence was measured after 
pre-column derivation with FMOC instead of ο-phthalaldehyde. Amino acid analyses 
(including extraction and measurement) were carried out in duplicate.
Tissue pH
To determine the average pH value in leaf tissue, fresh leaves were ground in liquid 
nitrogen and 0.5 g was suspended in 3 mL bi-distilled water in a test tube. The 
suspension was boiled for 5 min and, after cooling, pH was measured with a pH 
electrode.
Carbon and Nitrogen content of leaf tissue
Carbon and nitrogen content of the leaves were determined using a Carlo Erba CNS 
analyser. CNS analyses were carried out on ovendried (48 h, 70 ºC) shoot material.
Laboratory experiments
In the springs of “De Mosbeek” tufts of both green and chlorotic Juncus acutiflorus 
stands were collected. They were placed in PVC tubes (height 350 mm; 20 mm in 
diameter) and transported to the laboratory. In a growth chamber (18 ºC/12 hL, 220 μ 
E m-2 s-1; 18 ºC/12 hD), two treatments were applied to the tufts:
1) Spraying of chlorotic plants (daily) with 0.01 M  Fe(III)Na EDTA. Spraying was 
carried out preventing the Fe(III)Na EDTA solution to reach the soil. After eight 
and 29 days the tufts were harvested. All chlorotic tufts (Fe(III)NaEDTA-treated 
and control) received the high nitrate-solution described below (1 ltr/day).
2) Providing green plants with a nutrient solution equivalent to the upwelling 
groundwater at chlorotic patches: 2000 μM NaNO3, 700 μM NaHCO3, 500 μM 
MgSO4, 500 μM KCl, 25 μM KH2HPO4 and 0.3 μM NH4Cl (1 ltr/day). The same 
solution without nitrate, served as control. At day 0 and 29, leaf material was 
collected and stored at -20 ºC until analysis. At day 30 soil pore water samples 
were taken as described above.
473
Nitrate induced chlorosis in Juncus acutiflorus
Results
Table 1 shows the relevant chemical contrasts of the soil pore water samples collected 
in “De Mosbeek” and the reference sites. Compared to the mean values for the 
samples from the reference sites, pH, alkalinity, potassium, calcium and chloride 
levels are considerably higher in “De Mosbeek” samples. Phosphate levels were 
lower in the “De Mosbeek” site. 
Table 1  Mean chemical properties of soil pore water samples collected in the three reference 
areas (n=3) and in chlorotic (n=4) and green (n=4) patches in “De Mosbeek”. Standard 
deviation is given in brackets. F statistic and p  value from SAS-GLM procedure. Different letters 
indicate significant difference between means (p < 0.01, pairwise comparison for unequal 
sample sizes, SAS-GT2 procedure).
Reference De Mosbeek De Mosbeek F p
Green chlorotic
pH 5.5 a 6.9 b 6.5 b 18.6 **
(0.5) (0.2) (0.1)
Alkl. 252 a 1112 b 542 a 21.6 **
(μEql-1) (116) (219) (166)
NH4 (μM) 2.8 a 18.1 b 5.3 a 8.0 *
(0.8) (7.2) (5.5)
NO3 (μM) 9.5 a 6.5 a 902 b 121.9 ***
(7.2) (3.4) (149)
PO4 (μM) 1.3 <0.1 <0.1 0.1 ns
(1.5) - -
K (μM) 115 a 325 ab 432 b 6.1 *
(126) (120) (115)
Fe (μM) 15.3 2.7 1.15 4.3 *
(13) (3.4) (0.4)
Mn (μM) 1.5 5.9 6.0 1.4 ns
(1.3) (3.8) (5.0)
Ca (μM) 146 a 547 b 626 b 57.4 ***
(44) (82) (46)
Cl (μM) 561 a 1657 b 1653 b 142.9 ***
(137) (92) (59)
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Strikingly, in the chlorotic parts of the J. acutiflorus vegetation in “De Mosbeek” the 
mean nitrate level reached a value as high as 902 μM, whereas the green parts of this 
vegetation showed a mean nitrate level of only 6.5 μM. The mean nitrate concentration 
of the reference sites was 9.5 μM (Table 1). Iron concentration in soil solution were 
lower in the chlorotic patches of “De Mosbeek” (1.15 μM) compared to the green area 
(2.7 μM), but not significantly so.
 Chlorophyll a and chlorophyll b levels were as expected: very low in the chlorotic 
shoots and, more or less the same in the shoots from the reference sites and the 
green plants from “De Mosbeek” (Table 2). The shoots with an intermediate level of 
chlorosis showed intermediate chorophyll levels, but did not differ significantly from 
the chlorotic shoots. No significant differences were found for mean iron levels in the 
shoot: at the reference site 1.9 μmol g-1 (DW) and at the “De Mosbeek” site, 2.1 μmol 
g-1 (DW), 1.6 μmol g-1 (DW), and 1.7 μmol g-1 (DW) for green, intermediatly chlorotic 
and chlorotic shoots, respectively (Table 2). In “De Mosbeek”, nitrogen levels were 
much higher in the chlorotic shoots (2284 μM) than in the green shoots (1248 μM), 
while shoots that showed an intermediate degree of chlorosis had intermediate 
nitrogen levels (Table 2). The mean nitrogen level for the three reference sites was 
1497 μmol g-1 (DW). Furthermore, for the plants from the “De Mosbeek” site, tissue 
pH and phosphorus, and zinc levels increased significantly with decreasing 
chlorophyll levels in the shoots.
 Mean total carbon content of the green plants from “De Mosbeek” was comparable 
to that of the plants from the reference sites. Mean carbon levels, however, were 
significantly lower in the intermediately chlorotic and chlorotic plants of “De Mosbeek” 
(Table 2).
 The percentages of total N present in different free amino acid fractions increased 
strongly with increasing mean total nitrogen concentrations of the shoots (Table 2). 
Asparagine and glutamine were found to accumulate strongest (Table 2). In the 
chlorotic plants, for example, 44.4% of the total amount of free amino acids was 
present as asparagine and 28.6% as glutamine. In the reference sites only 3.3% and 
6.7% were present as asparagine and glutamine, respectively (results not shown).
 Figure 2 illustrates that the percentage of nitrogen present as free amino acids 
was dependent on the C/N ratios of the shoots. At C/N ratios greater than 22, seven 
to eight percent of total nitrogen was present as free amino acids. Irrespective of the 
amount of chlorosis, the percentage of N as free amino acids increased strongly 
when C/N ratios decreased to values lower than 22. At the lowest C/N ratios, up to 
24.5% was present as free amino acids.
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In the experiments carried out in the laboratory, ammonium and iron concentrations 
in soil pore water were significantly higher and nitrate levels were significantly lower in 
the tufts that did not receive nitrate compared to the tufts receiving 2000 μM  nitrate 
(Table 3). Nitrate levels in the nitrate treated tufts were comparable to nitrate levels in 
the chlorotic patches in “De Mosbeek”. Iron and ammonium levels were much higher 
than the levels found in the “De Mosbeek” site; especially in the tufts that were not 
receiving nitrate.
Figure 2  Relationships between the mean percentage of nitrogen occurring in free amino 
acids and the mean carbon/nitrogen ratio in Juncus acutiflorus.  chlorotic plants,  intermediary 
chlorotic plants,  green plants, * plants recovering to green after Fe EDTA spray.
Table 3  Mean values of the ammonium, nitrate and iron concentrations in soil pore water 
samples collected from the tufts receiving 0 μM and 2000 μM nitrate for 30 days respectively. 
Standard deviation is given in brackets (n=4).
0 µM Nitrate 2000 µM Nitrate t p
Ammonium 407 78 4.8 *
(124) (61)
Nitrate 29 905 -7.6 *
(20) (229)
Iron 31 4.1 3.1 *
(17) (3.5)
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Table 4 shows that chlorophyll levels in the formerly chlorotic shoots increased 
markedly upon spraying with Fe-EDTA. At the same time iron, nitrogen and carbon 
levels in the shoots increased while phosphor concentrations showed a decrease 
(Table 4). The control plants did not show any significant changes in chlorophyll, iron, 
nitrogen, carbon or phosphor concentrations within 8 days of spraying. In the control 
treatment no plants recovered after cutting the vegetation at day 8.
Table 4 Nutrient and chlorophyll contents of chlorotic shoots from the control treatments and 
the chlorotic shoots that were experimentally sprayed with Fe-EDTA. Material was harvested at 
day 0, 8 and 29 of the experiment. Standard deviation in parentheses (N= 3). No control plants 
recovered after harvesting at day 8. F statistic and p value from SAS-GLM procedure. Different 
letters indicate significant difference between means (p < 0.01, pairwise comparison for equal 
sample sizes, SAS-LSD procedure)
Day 0 Day 8 Day 29 F p
Sprayed
Chl a 87 A 357 b 623 c 43.2 **
μg g-1 (FW) (19) (41) (113)
Chl b 51 A 240 b 467 c 42.5 **
μg g-1 (FW) (17) (48) (74)
Fe 1.6 A 4.3 a 13.7 b 17.1 *
μg g-1 (DW) (0.4) (0.7) (4.5)
Nitrogen 2121 A 2433 a 2885 b 12.3 *
μg g-1 (DW) (73) (199) (252)
Phosph. 123 A 98 b 85 b 8.0 *
μg g-1 (DW) (12) (12) (12)
Carbon 31.5 A 33.3 b 34.1 b 26.1 **
μg g-1 (DW) (0.6) (0.5) (0.3)
Control
Chl a 103 68 - 5.8 ns
μg g-1 (FW) (25) (5)
Chl b 59 38 - 2.9 ns
μg g-1 (FW) (21) (3)
Fe 1.6 1.8 - 0.2 ns
μg g-1 (DW) (0.4) (0.6)
Nitrogen 2100 2082 - 0.1 ns
μg g-1 (DW) (87) (67)
Phosph. 122 125 - 0.1 ns
μg g-1 (DW) (13) (12)
Carbon 31.7 31.5 - 0.1 ns
μg g-1 (DW) (0.3) (0.6)
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Nitrate addition to tufts of green plants from “De Mosbeek” resulted in a strong 
decrease of the chlorophyll levels while the chlorophyll levels in the control plants did 
not change significantly (Table 5). Nitrogen levels in the shoots increased strongly 
both in the tufts that received 2000 μM nitrate and in the tufts that received the control 
solution. Iron levels increased significantly in the plants receiving the control treatment.
Table 5 Chlorophyll, nitrogen and iron contents in non-chlorotic (green) shoot material from 
tufts treated with 2000 and 0 μM nitrate respectively, at day 0 and 29 of the experiment. Standard 
deviation is given in brackets (n=4)
Day 0 Day 29 t p
2000 µM Nitrate
Chlorophyll a 487 241 13.1 **
μg g-1 (FW) (35) (51)
Chlorophyll b 340 201 10.0 *
μg g-1 (FW) (16) (34)
Nitrogen 1220 2147 -34.3 ***
μg g-1 (DW) (107) (65)
Iron 2.1 1.7 1.6 ns
μg g-1 (DW) (0.3) (0.4)
Control (0 µM Nitrate)
Chlorophyll a 468 503 -1.6 ns
μg g-1 (FW) (30) (64)
Chlorophyll b 346 372 -1.7 ns
μg g-1 (FW) (14) (40)
Nitrogen 1206 2693 -23.4 ***
μg g-1 (DW) (88) (146)
Iron 2.0 3.8 -4.7 *
μg g-1 (DW) (0.2) (0.7)
Discussion
The regreening of the chlorotic plants after foliar application of Fe-EDTA proves that 
the chlorosis in Juncus acutiflorus was caused by iron deficiency. Nevertheless, there 
is no clearcut relation between the iron concentration of the shoots and the degree of 
chlorosis. The chlorotic plants, however, were approximately two third the size of the 
green plants, so it can be concluded that the total iron uptake per shoot was lower in 
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the chlorotic parts of the stand. This lower iron uptake is in agreement with the much 
lower Fe concentration in soil pore water (Tables 1 and 3).
 High HCO3 concentrations in the soil are well known to impair the uptake of iron 
of so-called strategy 1 plants (such as Juncus spec., Romheld, 1987) by counteracting 
the active acidification of the rhizosphere (Bienfait, 1989; Marschner, 1995; Romheld 
and Marschner, 1986). In the J. acutiflorus stands, however, HCO3 levels in the soils 
were low. Moreover, soil pore water samples from the chlorotic J. acutiflorus patches 
at “De Mosbeek” stand, had much lower HCO3 contents than the samples collected 
from the green patches. Therefore, HCO3 can not have been responsible for the 
observed iron deficiency chlorosis.
 Nitrate levels, however, were very high (up to 1 mM) in the pore water samples 
from the chlorotic patches in “De Mosbeek” stand. Furthermore, the chlorophyll a 
and chlorophyll b levels of healthy J. acutiflorus plants within less than one month 
decreased considerably when exposed to high nitrate concentrations in the 
laboratory. Therefore, we can assume that the very high nitrate levels in the soil at the 
chlorotic patches, somehow interfered with the iron uptake by the J. acutiflorus plants.
 As nitrate functions as a redox buffer under wet field conditions, high nitrate 
levels may decrease the iron availability in the soil. This effect was clearly observed 
in the laboratory experiments. Due to decreased aeration of the tufts in the 
polyethylene tubes, iron levels were increased in the soil pore water to values well 
above the levels observed in “De Mosbeek” sand. In the nitrate treated tufts, however, 
iron levels were almost ten times lower than in the control tufts (Table 3), owing to the 
redox buffering effect of nitrate. In “De Mosbeek” stand, this effect was not very clear, 
probably due to the better aeration of the soil in the field.
 Enhanced nitrate uptake is well known to increase the alkalinity of the rhizosphere 
and the roots. As a result, iron can be immobilized in the rhizosphere and/or the roots 
(Aktas and van Egmond, 1979; Bienfait, 1989; Marschner, 1995; Mengel and 
Geurtzen, 1988; Van den Driessche, 1978). Such effects most probably explain the 
decreased total iron uptake observed in the chlorotic J. acutiflorus shoots.
 A poor correlation between the iron concentration of the leaves and the 
occurrence of iron deficiency chlorosis is quite common and suggest that inactivation 
of iron in the shoots might play an important role in iron deficiency (Aktas and van 
Egmond, 1979; Bienfait, 1989; De Kock, 1955; Kinzel, 1982; Marschner, 1995; Mengel, 
1994; Mengel et al., 1994). However, in the case of inhibited leaf expansion growth 
this may also in part explain the unchanged Fe concentration in spite of lower Fe 
uptake. On the other hand as nitrate uptake by the mesophyll cells involves the 
co-transport of H+ and/or the excretion of OH- or HCO3
- , an elevated nitrate uptake 
might cause an inactivation of iron in the shoots by raising the pH of the apoplast 
(Mengel, 1994; Mengel et al., 1994). Our results (Table 2), reveal a striking relationship 
between the amount of chlorophyll in the leaves and the overall tissue pH in Juncus 
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acutiflorus (Pearson correlation between pH and chlorophyll a: r = -0.96, p < 0.0001 
and between pH and chlorophyll b: r = -0.97, p < 0.0001). Total nitrogen levels are 
also much higher in the chlorotic plants than in the green ones.
 Although some authors did not find any relationship between apoplastic pH and 
nitrate nutrition (Dannel et al., 1995; Mühling et al., 1995), the relationship between 
apoplast/tissue pH and the occurrence of iron deficiency symptoms has been 
confirmed by several authors (Bruggeman et al., 1989; De Kock, 1955; Mengel and 
Geurtzen, 1986; Tagliavini et al., 1995; Toulon et al., 1992). Mengel (1994) and Mengel 
et al. (1994) for instance, showed that an increase of the apoplastic pH from 6.0 to 
6.4, leads to more than four fold decrease of the chlorophyll concentration of 
Helianthus annuus leaves. However, it has to be noted that pH changes in the leaf 
apoplast due to different N supply are smaller in intact plants (Dannel et al., 1995; 
Mühling et al., 1995). Mengel (1994), hypothesized that a membrane bound, highly 
pH sensitive, Fe(III) reductase regulates the uptake of Fe from the apoplasts into the 
cells. We can conclude that the apparent inactivation of iron in the leaves of the 
chlorotic J. acutiflorus plants is probably due to an increase in the uptake of nitrate by 
the mesophyl cells.
 Fe-EDTA spraying resulted in strongly increased total N levels in the shoot tissue. 
As iron is involved in differential steps of nitrate reduction (Marschner, 1995), iron 
deficiency can be expected to result in decreased nitrate assimilation. Furthermore, 
iron deficiency clearly affects net C-assimilation as is to be expected given the low 
chlorophyll content of the iron deficient plants. Our results show that nitrate and 
carbon assimilation are both restored upon elevation of the iron stress by Fe-EDTA 
spraying.
 Free amino acids were found to accumulate in the chlorotic J. acutiflorus plants. 
However, free amino acid accumulation appears to be neither the cause nor the 
result of iron deficiency in itself. In chlorotic plants which had turned green after 
spraying with Fe EDTA, free amino acid levels remained high. Free amino acid levels 
seem to be dependent on the C/N ratios of the tissue. Low C/N levels result in 
relatively high total free amino acid contents and vice versa. Fe-EDTA spraying did 
increase net C-assimilation but it also increased net N-assimilation. As nitrate 
availability in the soil remained high, C/N rates and thus free amino acid levels did not 
decrease after iron addition (Figure 2).
 The chlorotic iron deficient plants had higher phosphate contents than the green 
plants. In this case, however, a link between phosphate and iron immobilisation (Ao 
et al., 1987; Bienfait, 1989; De Kock, 1955; Van Dijk and Bienfait, 1993), is not very 
likely. Foliar application of iron led to a decrease of phosphorus levels as well as to 
decreased levels of several other nutrients in the shoots (Table 5). The observed 
increased phosphate levels in chlorotic plants were very probably caused by an 
accumulation effect owing to an impaired growth (see also Marschner, 1995).
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 J. acutiflorus is a species which (at least in the Netherlands) mainly occurs on 
locations remaining wet throughout the year (Weeda et al., 1994). Due to redox 
processes in wet soils, iron (II), which is easily taken up by the roots, will always be 
available (Bienfait, 1989). Therefore, iron availability will normally not be a problem for 
this species and other species of this type of habitats which might lack adaptions to 
iron deficiency. In “De Mosbeek” stand, however, iron levels in sediment pore water, 
were relatively low compared to the reference locations. This is probably a 
characteristic of this location independent of the nitrate levels in the soil. Strongly 
nitrate enriched  round water entering such habitats, might easily induce severe iron 
deficiency in iron inefficient species such as J. acutiflorus. Since the problem of high 
nitrogen concentrations in the groundwater is not expected to diminish in the nearest 
future, it would be highly interesting to explore the extent of this phenomenon among 
other potentially vulnerable species.
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availability on growth and palatability 
of the fresh water macrophyte 
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Abstract 
In this study we investigated the interaction between resource level (carbon and 
nitrogen availability) and defense mechanisms. The effect of the availability of car bon 
and nitrogen on growth and palatability of the fresh water macrophyte Myriophyllum 
spicatum (Eurasian watermilfoil) was established, using two gene ra lis t her bi vores, 
Lymnaea stagnalis (Great pond snail) and Orconectes limosus (American crayfish).
Carbon and nitrogen availability in the water layer had a profound effect on the 
investigated growth parameters. Tissue chemistry and the palatability of M. spicatum 
were primarily affected by the availability of carbon. Relative consumption by L. 
stagnalis was not impacted by the treatments. The results of O. limosus were in line 
with the predicted impact of carbon supply, whereas no relationship with the nitrogen 
treatment was found. Dry matter content was found to correlate with this bioassay 
result whereas phenolic content did not. This supports the expectation that dry matter 
content, being an integrative expression of underlying chemical traits, better correlates 
with palatability than individual chemical components.
 The results of this study are significant in the context of improving our knowledge 
of the context-dependency of the direction and strength of plant-herbivore interactions, 
especially in aquatic systems this knowledge lags behind compared to terrestrial 
systems.
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Introduction
The inability of most aquatic macrophytes to develop spines or woody tissues makes 
their resistence to herbivory in comparison to terrestrial plants to be more depend on 
gro wth rate and the production of secondary metaboli tes (Hutchinson, 1975; Lodge, 
1991; Smits et al., 1994). The development of secondary metabolites as well as the 
growth and development of plants, are strongly influenced by the internal C/N-balance 
of plants (Baas, 1989; Loomis, 1932; Lorio, 1986; Spencer & Ksander, 1999; Tuomi, 
Niemelä & Sirén, 1990). They the refore depend on the availability of carbon and 
nutrients in the ecosystem in which the plants occur (c.f. Carbon Nutrient Balance 
Hypothesis; Bryant et al., 1983). In the aquatic environment both carbon and nutrients 
can be limiting factors, whereas for terrestrial plants, carbon can be easily taken from 
the atmosphere.
 To investigate the interaction between resource level (carbon and nitrogen 
availability) and defense mechanisms, bioassays are a good addition to chemical 
analyses. The amount of leaf tissue removed or left by a generalist herbivore is of 
direct influence on the fitness of a plant, and is considered to be a good indication of 
a plant’s total defensive investment. It may even be better than inferences made from 
measuring only one or two possibly active chemical components. In theory, 
measuring the plants’ full chemical content of course would be even more informative. 
However it is not feasible to actually do so. Not only would it be very hard to determine 
the levels of all possible (secondary) compounds playing a role, the interpretation of 
such results proves to be difficult because of the dynamic nature of the biosynthetic 
pathways of many of these compounds and of the more complex nature of their 
relationship with C and N availability than originally assumed (Gross, 2003). However, 
also bioassays do have their limitations. Different herbivores, despite of being 
generalists, still may select their food slightly different due to species specific 
properties. Therefore it is advisable to test species from different phyla. Furthermore, 
although bioassays are effective and biologically sound as compared to the 
impractical and often impossible achievement of measuring all plant defensive 
compounds, properly testing of hypotheses on plants’ resource allocation to growth 
vs. defenses in relation to nutrient availability will require also at least some chemical 
measurements. 
 In this paper, we investigate the relationship between resource levels and the 
palatability of the aquatic macrophyte Myriophyllum spicatum L. (Watermilfoil), using 
two generalist herbivores: Lymnaea stagnalis L. (great pond snail) and Orconectes 
limosus Raf. (American crayfish). The plants used for these preference tests were 
grown under different levels of carbon and nutrient supply. We expected this to 
induce changes in the internal C/N-balance and thus to affect plant palatability due 
to altered  nutritional value and levels of defensive secondary metabolites.
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More specifically, we expected the preference of the herbivores to be influenced by 
the carbon and nitrogen treatments, preferring less defen ded plants that still have 
sufficient nu tri tional value (expectation 1). We expect this to be the plant material 
grown at carbon and nitrogen levels that least matches the plants natural habitat 
conditions (e.g. Hendriks et al., 2009; expectation 2). Since both herbivores are 
generalists, we expect their preferences to be similar (expectation 3). Free amino 
acids are known to accumulate in plants when N levels in the tissues are high either 
due to excess availability of nitrogen (Smolders et al., 1997, Smolders et al., 2000b) 
or because of low carbon supply (Smolders et al., 2001). The levels of free amino 
acids thus provide an indication of the nutritive value of the plant material for the 
herbivores. We expected material from plants with high levels of free amino acids to 
be preferred by the herbivores (expectation 4). To explore the validity of the assumption 
that the amount of leaf tissue removed is related to a plant’s defensive investment, we 
measured the dry matter content and one particular category of secondary plant 
metabolites (Whittaker and Feeny, 1971): phenolics. This latter choice was based on 
the fact that phenolics are known to be the primary defensive component of M. 
spicatum. The production of phenolics by M. spicatum is related to tissue carbon and 
nitrogen content (Gross, 2003; Hempel, Grossart & Gross, 2009; Spencer & Ksander, 
1999). Unable of applying a C-based chemical defence strategy, plants grown under 
limited carbon conditions are expected to show a lower total phenolic content (Gross, 
2003; Ostrofsky & Zettler, 1986): expectation 5. High phenolic content of aquatic 
macrophytes has been reported to negatively impact digestion of plant material by 
herbivores (Bolser et al., 1998; Pennings & Paul, 1992; Walenciak et al., 2002). We 
therefore expected the level of phenolics to negatively correlate with plant palatability 
(expectation 6). Dry matter content is considered to be an integrative expression of 
underlying traits that are affecting plant palatability (Dorenbosch & Bakker, 2011; 
Elger & Willby, 2003). High dry matter content is known to make digestion of plant 
tissue more difficult for herbivores, as it co-varies with plant features such as tough 
tissue and secondary metabolites of high molecular weight (e.g. polyphenols such 
as tannins and lignin; Elger & Willby, 2003). It thus takes an intermediate position 
between measuring palatability in a bioassay and measuring specific chemical 
content. We expected Dry matter content to show a better correlation with palatability 
than the more restricted chemical component group of phenolics (expectation 7).
Methods
Species 
Watermilfoil (Myriophyllum spicatum L., Haloragaceae, Saxifragales) commonly 
occurs in moderately to highly eutrophic wa ters rich in car bo nate and phosphate. 
This perennial aquatic macrop hyte is able to absorb nu trients from both water layer 
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and soil and reproduces mainly vegetatively. M. spicatum is capable of producing 
secondary metabolites and is repeatedly reported to be subjected to aquatic 
herbivory (Dorenbosch & Bakker, 2011; Gross et al., 2002; Johnson et al., 2000; 
Newman, 2004). The plant is known to pro duce substantive amounts of polyphenols 
(carbon-based secondary metabolites; Choi et al., 2002; Gross, Meyer & Schilling, 
1996; Li et al., 2004; Smolders et al., 2000a). Nakai et al., (2000) and Gross (2003) 
distinguished between the different phenolic compounds and identified: hydrolysable 
polyphenols, flavonoids and simple phenolic acids. M. spicatum is also reported to 
produce al kaloids (nitrogen-containing secondary compounds; Ostrofsky & Zettler, 
1986).
 American crayfish (Orconectes limosus Raf., Cambaridae, Decapoda) are 
omnivorous, but plant matter dominates their diet (Anwand & Valentin, 1996). Great 
pond snail (Lymnaea stagnalis L., Lymnaeidae) is also an omnivore, feeding on plants 
as well as dead animals. Previous studies showed it to be a generalist herbivore, 
which is suitable for plant palatability studies (Elger & Barrat-Segretain, 2002; Smits 
et al., 1994). Both herbivore species are known to be selective in their food choices 
when provided with multiple food types to choose from (Anwand & Valentin, 1996; 
Elger et al., 2002) and capable of detecting differences in chemical composition of 
plant material (Cronin et al., 2002; Lodge et al., 1998; Tuersley & McCrohan, 1987).
Plant growth and tissue chemistry
The experiment was con ducted in aquaria under labo ra tory conditions. The upper 
ten centimetres of the shoots of M. spicatum were col lec ted in March and April from 
a me sotrophic to eutrophic wa ter system in the vicinity of Nij me gen (5o48’E, 51o51’N;), 
The Netherlands, which is main ly fed by rain and is moderately buffered (alkalinity = 
1200 meq L-1, pH 9). The shoots were randomly collected from a stand of approximately 
10 m2 and planted in 24 aqua ria (0.26 m x 0.26 m surface x 0.30 m height), each 
aquarium con tai ning 25 shoots. The aquaria were placed in a water basin at 15oC and 
illuminated by daylight simulating lamps (147μE.m-2s-1; 16h/8h day/night cycle). Each 
aquarium was provided with a layer of nutrient-poor sand (8 cm in height). Phosphate 
was added to this sediment (11.7 μmol Ca3(PO4)2 per gram dry weight; Roelofs, 
Schuurkes & Smits, 1984), to provide the plants with phosphate for growth. 
Development of algae (phytoplankton as well as epiphytes) in the system was 
prevented by covering the sediment with a layer of was hed river-sand, to separate the 
phosp hate in the enriched sediment from the nitro gen in the water  layer. Furthermore, 
0.24 g FeCl3 was added to the water layer of each aqua rium once a week to minimize 
the phosphorus content of the water layer.
 Media were pumped through the aquarium systems at a rate of 9 L day-1.  The 
com po si tion of the medium (0.9 mM CaCl2, 0.3 mM KCl, 10 mM Na2SO4, 7.5 μM 
FeEDTA, 1.3 mM MgCl2, 9,6 mM NaCl) was based on the che mical compo sition of 
92
Chapter 5
the water layer of the natural habitat in which M. spicatum occurs (De Lyon & Roe lofs, 
1986). Combining this with two different concentrations of carbon (0.2 and 5 mM 
H2CO3) and three levels of ni tro gen (0, 10 and 100 μM NO3) resulted in six treatments 
differing in nutrient availabilities; the lo west concen trations of carbon and ni trogen 
are supposed to li mit the uptake of these nutrients by the plants, whe reas the hig hest 
con cen tra ti ons of carbon and nitrogen in the medium are intended to provide the 
plants with a surplus of nutrients. The high carbon / intermediate nitrogen treatment 
most closely matches the optimum in the range of natural habitat conditions of  M. 
spicatum. Every set of four aquaria with the same treatment received medium from 
the same source. A randomized block design was deployed.
 In order to explore the magnitude of the changes in the internal C/N-balance of 
the M. spicatum plants in our experiments caused by the different carbon and 
nitrogen levels, we also measured the growth of the plants. After three weeks (day 21) 
and at the end of the expe ri ment (day 56), the length and fresh weight of shoot and 
roots (plants were all blotted dry in the same way and for the same length of time to 
minimise measurement error), as well as the stem dia me ter and dia me ter of the 
whorls of leaves, were de termi ned from four randomly chosen harvested plants per 
treatment per date. The duration of the experiment was based upon a growth curve 
derived from non-destructive weekly length measurements of ten randomly chosen 
shoots (data not shown). At day 56 the growth curve was in its phase of linear growth. 
The dry weight of the shoot was determined after 24 hours of oven drying at 70oC. 
Mantai & Newton (1982) reported extra root growth in response to low water layer 
nutrient availability. Therefore we also tested for differences in root/shoot ratio. 
 Free amino acids were determined on freeze-dried plant material (0.5 g, N=3 
individual plants per treatment) according to van Dijk & Roelofs (1988). The phenolic 
content of the shoots (N=3) was determined using the method developed by 
Hagerman and Butler, as described in Waterman & Mole (1994) using a Shimadzu 
spectrophotometer (UV-120-01). Tannic acid (Sigma Chemical Company) was used 
as a standard. Dry matter content was calculated as DW/FW*100.
 As an additional indication of how much C and N the plants took up and how 
different the treatments really were, we determined the total carbon and nitrogen 
content of the plants grown under the different treatments and calculated the internal 
C/N ratio from this. For reasons of practical limitations, this was done for only one 
randomly selected sample per treatment. The chemical analysis was performed with 
the aid of a Carlo Erba CNS analyser on oven-dried, ground plant mate rial.
Feeding preference
Feeding preferences of Orconectes limosus and Lymnaea stagnalis for differently 
treated shoots (after 56 days of treatment) of M. spicatum were determined in two 
separate laboratory experiments. Adult crayfish of equal body size (± 8 cm from tip 
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rostrum to hind tip telson) and weight were collected from the River Waal near 
Nijmegen, the Netherlands. The cray fishes were held in aquaria (0.3 m x 0.9 m 
surface x 0.25 m height) with sufficient shelter possibilities. The aquaria were stored 
in a climate room at 15 oC, which was illuminated according to an 8h/16h day/night 
cycle. During acclimation, the cray fish were fed beef to ensure they had no experience 
with the plant material used in the experiment. They received their last meal three 
weeks before the experiment. The feeding experiment took place in aquaria (0.4 m x 
0.6 m x 0.4 m height) at the labora tory. As cray fis h are ac tive at night, the ex peri ment 
was car ried out in the dark. In each aquarium four shoots of each tre at ment (i.e. 24 
shoots in total), with equal length (10 cm) were offered to one crayfish. The shoots 
were placed at random in the aquaria (N=9) and bound to metal grates (to prevent 
displacement), which were co vered with a 2 cm layer of washed river sand. After 48h 
the experiment was ended. The amounts eaten from the four shoots of each treatment 
were pooled in the analysis.
 Great pond snails (Lymnaea stagnalis) of equal size ( ± 4cm shell height and 3-4 
g) were obtained from a cultivation stock at the Zoological Department of the VU 
University, Amsterdam. The pond snails were kept in an aquarium (0.3 m x 0.9 m 
surface x 0.25 m height), under the same conditions as the crayfish and were fed 
lettuce during acclimatization, to ensure they had no experience with the plant 
material used in the experiment. The food preference experiment was carried out in 
dishes (25 cm in diameter, N=10). In each dish, three snails were offered 6 
aboveground shoots (one shoot (10 cm) of each treatment) during 78 hours. In both 
experiments differences in fresh weight of the shoots be fore and after the experiment 
(actually removed tissue) served as an indication for pala tability. Although crayfish 
are known to be rather sloppy feeders, it proved to be possible to keep good track of 
the shoots belonging to the specific treatments. The shoots offered to the herbivores 
were measured by length. Due to the differences in nutrient supply, similar lengths of 
differently treated plant material may have different fresh weights. There are several 
studies in which the availability of plants in the habitat was found to explain food 
preferences (Arrontes, 1990; Wakefield & Murray, 1998). We therefore calculated the 
relative consumption to evaluate the expectations. 
Statistical analysis
Statistical analysis was performed using SAS (i.e. Sta tistical Analysis System, SAS 
Institute Inc. 2008). The res ponse of M. spicatum to differences in carbon and nitrogen 
availability was determined for growth of the shoot, roots, stem diameter, the increase 
in fresh weight and dry weight of the shoots, free amino acids, phenolics and dry 
matter percentage. The influence of carbon and nitrogen on these parameters was 
tested by means of a General Linear Models Procedure (SAS-GLM). Differences in 
growth parameters between differently treated plants were tested using a Tukey 
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Studentized Range (HSD) Test. Differences in C/N ratio between the sets of plants 
who received respectively low and high carbon levels were tested with a paired 
student-t test, after using an F-test.
 Choosing a certain food type, at the same time automatically implies not 
choosing other food types. Thus palatability values from the choice experiments are 
mutually dependent within each aquarium or dish. Therefore, feeding preferences 
were tested non-parametrically. Friedman ANOVA (based upon rank numbers) was 
used to test for differences in plant tissue consumed (Roa, 1992; Lockwood, 1998). 
Multiple comparisons on rank sums from the Friedman ANOVA (α = 0.05; Siegel & 
Castellan, 1988) were used to reveal which treatment was preferred, and which was 
rejected. 
Re sults 
Plant growth and tissue chemistry
After 21 days the res ponse of M. spicatum to differences in carbon and nitrogen 
availability was still limited (data not shown). Therefore the results after 56 days were 
used to evaluate the expectations. Growth and development of Myriophyllum 
spicatum was significantly affected by the treatments. Shoot length, stem diameter, 
fresh weight and dry weight of the shoot were significantly effected by both carbon 
(GLM respectively: F = 38, d.f.N = 1, d.f.D = 23, P < 0.0001; F = 84, d.f.N = 1, d.f.D = 
23, P < 0.0001; F = 29, d.f.N = 1, d.f.D = 23, P < 0.0001; F = 71, d.f.N = 1, d.f.D = 23, 
P < 0.0001) and nitrogen (GLM respectively: F = 14, d.f.N = 2, d.f.D = 22, P = 0.0002; 
F = 29, d.f.N = 2, d.f.D = 22, P < 0.0001; F = 7, d.f.N = 2, d.f.D = 22, P = 0.0061; F = 
5, d.f.N = 2, d.f.D = 22, P = 0.01) and the interaction between carbon and nitrogen 
was significant for shoot length (GLM: F = 9, d.f.N = 2, d.f.D = 19, P = 0.0022). Plants 
with no limitation of carbon and a normal or surplus sup ply of nitrogen showed the 
highest shoot length, stem dia meter, fresh weight and dry weight, whereas plants 
limited in carbon or nitrogen grew significantly less (fig. 1). 
The root/shoot ratio (overall mean = 0.25) was not significantly influenced by 
differences in car bon or nitrogen supply (GLM respectively: F = 1.3, d.f.N = 1, d.f.D = 
23, P = 0.26 and F = 3.4, d.f.N = 2, d.f.D = 22, P = 0.06). 
 Free-amino acids (overall mean = 186 μmol/gDW) were not significantly different 
among the different treatment combinations (GLM: Carbon-treatment effect, F = 2.8, 
d.f. = 1, d.f.D = 16, P = 0.12, Nitrogen-treatment effect, F = 0.3, d.f.N = 2, d.f.D = 15, 
P = 0.7, interaction, F = 0.0, d.f.N = 2, d.f.D = 12, P = 1.0). Phenolic content was 
significantly affected by both car bon supply and nitrogen supply (GLM: Carbon-tre-
atment effect, F = 18, d.f.N = 1, d.f.D = 18, P = 0.0009, Nitrogen-treatment effect, F 
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= 4, d.f.N = 2, d.f.D = 17, P = 0.04). The interaction between carbon and nitrogen was 
not significant (GLM: F = 2, d.f.N = 2, d.f.D = 14, P = 0.18). Phenolics were produced 
significantly more in shoots that were grown under normal carbon supply and 
intermediate nitrogen levels (fig. 2). 
Figure 1  Treatment effects on plant growth parameters at day 56: C = carbon, N = nitrogen. 
Data represent mean + SD. Treatments sharing a letter are not significantly different in a Tukey 
Studentized Range (HSD) test. Treatments: C = carbon, N = nitrogen. Treatment levels: + = 
high concentration, ± = intermediate concentration, - = low concentration.
Figure 2  Treatment effects on dry matter and phenolic content at day 56: Data represent 
mean + SD. Treatments sharing a letter are not significantly different in a Tukey Studentized 
Range (HSD) test. Treatments: C = carbon, N = nitrogen. Treatment levels: + = high 
concentration, ± = intermediate concentration, - = low concentration.
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Dry matter percentage of the shoot was significantly affected by both car bon and 
nitrogen (fig. 2; GLM: Carbon-treatment effect, F = 108, d.f.N = 1, d.f.D = 23, P = 
0.001, Nitrogen-treatment effect, F = 7, d.f.N = 2, d.f.D = 22, P = 0.0063) with the 
interaction being significant as well (GLM: F = 7, d.f.N = 2, d.f.D = 19, P = 0.0048). 
The total carbon and nitrogen content of the plants grown under the different 
treatments and the internal C/N ratio calculated from this, are given in table 1. The 
internal C/N ratio of plants grown at a high carbon supply was higher (53%) than the 
internal C/N balance of plants grown under limited carbon conditions (17%), but not 
significantly so (Two Sample Paired t-test: t = -3.1, d.f.N = 2, d.f.D = 4, P = 0.09). The 
mean total N was higher for plants grown at lower carbon supply (Two Sample Paired 
t-test: t = 5, d.fN = 2, d.f.D = 4, P = 0.04), but the mean total C was not significantly 
different among the two groups (Two Sample Paired t-test: t = -1.1, d.f.N = 2, d.f.D = 
4, P = 0.4).
Table 1 Total carbon and nitrogen content at day 56 of the plants grown under the different 
treatments. C = Carbon treatment, N = Nitrogen treatment. For reasons of practical limitations, 
this was done for only one sample per treatment.
Low C High C
Low N Interm. N High N Low N Interm. N High N
N total (mg g-1 DW) 0.06 0.05 0.08 0.02 0.03 0.04
C total (mg g-1 DW) 0.9 1.0 1.3 1.1 1.0 2.8
C/N 16 22 15 50 38 70
Feeding preference
The shoots of similar lengths of differently treated plant material had different fresh 
weights. In case of the feeding preference tests for both O. limosus and L. stagnalis 
the nitrogen treatment thus had a significant effect on the fresh weight amounts 
offered (respectively GLM: F = 3.6, d.f.N = 2, d.f.D = 51, P = 0.04 and F = 3.5, d.f.N = 
2, d.f.D = 57, P = 0.04). It therefore is relevant to examine the relationship between the 
amounts consumed by the herbivores and the amounts offered (fig. 3). For L. 
stagnalis this relationship proved to be significant (Spearman rank correlation: N=6, 
0.90, P = 0.015). This is also visible in the fact that at the level of nitrogen*carbon we 
see that the pair wise comparisons of the relative consumptions of the six different 
treatments (Tukey’s Studentized Range (HSD) Test; fig. 4, black bars) are similar to 
the absolute amounts consumed (fig. 3b, black bars). For O. limosus no such 
relationship was found.
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The relative consumptions (the consumed amounts expressed as fractions of the 
amounts offered) are shown in fig. 4). For L. stagnalis, no significant treatment effect 
was found. O. limosus on the other hand, shows a significant effect of the carbon 
treatment (Friedman Anova: F = 6.8, d.f.N = 2, d.f.D = 52, P = 0.01). The relative 
consumption of the plant material grown at the low carbon / high nitrogen treatment 
was significantly higher than the relative consumption of plant material grown at the 
high carbon / high nitrogen treatment (fig. 4). The absolute amount of fresh weight of 
Myriophyllum consumed by Orconectes limosus was not significantly affected by the 
treatments (fig. 3a). For Lymnaea stagnalis a significant effect of the nitrogen treatment 
on the absolute consumption of fresh weight was found (N-treatment effect, Friedman 
Anova:, F = 3.9, d.f.N = 2, d.f.D = 57, P = 0.03) and also the interaction of the nitrogen 
and the carbon treatment was significant (Friedman Anova: F = 15, d.f.N = 2, d.f.D = 
Figure 3  Amount (g) fresh weight (FW) of Myriophyllum spicatum offered to (grey bars) and 
consumed by (black bars) Orconectes limosus (a; N=9) and Lymnaea stagnalis (b; N=10). 
Data represent mean + SD. Different letters indicate significant differences (Tukey’s Studentized 
Range (HSD) Test). Treatments: C = carbon, N = nitrogen. Treatment levels: + = high 
concentration, ± = intermediate concentration, - = low concentration.
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54, P < 0.0001). The mean rank of the amount eaten by L. stagnalis was significantly 
less in the low nitrogen level compared to the other two treatments (Tukey’s 
Studentized Range (HSD) Test). However, at level of nitrogen*carbon we see that 
also C-N+ is least preferred (Tukey’s Studentized Range (HSD) Test; fig. 3b). 
Discussion
 
The carbon and nitrogen levels in the water layer significantly affected the growth of 
the plants and the plant tissue chemistry (fig. 1 and 2). For a number of factors also 
the interaction between the carbon and nitrogen had a significant effect, which 
biologically makes sense because they are highly intertwined in numerous 
physiological pathways. 
 Myriophullum spicatum is known to assimilate its nutrients both from the water 
layer through leaves and through their roots. The latter are also used for settlement 
(Barko, 1983; Loczy, Carignan & Planas, 1983). When the plant is not able to absorb 
sufficient nutrients from the water layer and the bottom of the system has a high 
nutrient supply, extra roots might develop for taking up extra nutrients from the 
substrate (Mantai & Newton, 1982; Wertz & Weisner, 1997). A significant investment 
into the root system in our experiments could have resulted in a profound influence 
upon the growth and defence properties of the shoots of the plants. It thus could 
have obscured the results. Since no significant treatment effect upon the root/shoot 
ratios was found, we consider this not be the case.
Figure 4  Relative consumption (the consumed amounts expressed as fractions of the 
amounts offered) by Orconectes limosus (grey bars) and Lymnaea stagnalis (black bars). Data 
represent mean + SD. Different letters indicate significant differences (Tukey’s Studentized 
Range (HSD) Test). Treatments: C = carbon, N = nitrogen. Treatment levels: + = high 
concentration, ± = intermediate concentration, - = low concentration.
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 The expectation (1) that the levels of nitrogen and carbon supply would influence 
the preference of the herbivores was confirmed by the pattern of relative consumption 
of by Orconectes limosus. The prefence of the other herbivore, Lymnaea stagnalis, 
however appeared to be strongly related to the diffences in the amounts offered. The 
relative consumption of M. spicatum by O. limosus thus was not affected by the 
treatments. These findings are in line with the fact that L. stagnalis is known to 
demonstrate bulk feeding behaviour, i.e. the intake of a certain meal, in our case a 
shoot of a specific treatment, is continued until the the gut is distended to certain 
point by the ingestion of bulk plant material (Benjamin, 2012). This bulk feeding 
behaviour may also explain the fact that the absolute amounts of fresh plant material 
consumed by L. stagnalis were found to be significantly related to the nitrogen 
treatment and the interaction of the nitrogen and carbon treatment. Due to the 
differences in plant growth (fig. 1) and the fact that similar lenghts of shoot were 
offered to the herbivores, the amount of fresh weight offered was significantly affected 
by the nitrogen treatment. Thus, a random feeding pattern alone could already have 
been enough to establish the results as shown in fig. 3b. The fact that we included 
three individuals of L. stagnalis in each feeding trial may have further added to this 
effect, since this enhanced the possibility of a test result which is determined by mere 
chance alone. Therefore we must conclude that the way we have set up the feeding 
trial with L. stagnalis experiments was not ideal and limits its suitability to evaluate our 
expectations. In addition to these experimental design limitations for the L. stagnalis 
feeding trial, it is important to note that the results for both test herbivores may also 
have suffered from the relative low number of replications relative to the number of 
food choices (see Bruzzone and Corley, 2011). Although it is impossible to change 
this in retrospect, it is important to acknowledge. 
 The results of the trial with O. limosus, confirm the prediction that the herbivores 
would prefer the plant material grown at resource levels that least matches the plants 
natural habitat conditions (expectation 2). That is to say  this was the case in 
relationship to carbon supply (fig. 4); the relative consumption of plant material grown 
at the low carbon level was higher compared to the high carbon level.). This indicates 
that context-depency of the direction and strength of plant-herbivore interactions 
(Hendriks et al., 2009) also occurs in aquatic systems. 
 The expectation that generalists would show similar preferences (expectation 3) 
was not confirmed. Our results show that the use of at least more than one herbivore 
must be recommended when applying bioassays.  Also Li et al. (2004), when 
comparing the results of their feeding trials with the snail Radix swinhoei with the 
outcomes of tests using crayfish (O. viridis; Chambers, Hanson & Prepas, 1991) 
noticed herbivore specific differences. Opposite to snails (R. swinhoei), crayfish (O. 
virilis) consumed M. spicatum in preference to Ceratophyllum and Potamogeton. 
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 The limited number of replications of the bioassays may have played a role in the 
absence of support for the expectation that the herbivores would prefer plant material 
with high levels of accumulated free amino acids (expectation 4). However, this may 
also be related to the lack of contrast among the different treatments in the actual free 
amino acid levels itself. This lack of free amino acid contrast may be due to the fact 
that the internal C/N balance of the plants was differently affected by the treatments 
than anticipated. Smolders et al. (1997, 2000b) found that nitrogen overload was the 
major factor responsible for free amino acid accumulation. Best & Mantai (1978) 
showed that nitrate uptake from the water layer by M. spicatum was significantly 
influenced by phosphate concentration in the water layer. Since in this experiment the 
latter was kept artificially low, this may have caused a lower nitrogen uptake, thus 
limiting the impact of the (excessive) nitrogen treatment in comparison to the carbon 
treatment. Our results indicate that the internal C/N ratio of plants grown at the high 
carbon supply tends to be higher than the internal C/N balance of plants grown under 
limited carbon conditions. This being the result of total N being higher for plants 
grown at lower carbon supply rather than of a difference in total C content (table 1). 
Of course this is merely an indication, since total C and N were not measured by 
replicates. Still these findings are in line with the assumption that the low phosphate 
concentration may have limited the nitrogen uptake, leading to a dillution of nitrogen 
especially in those shoots not limited by carbon. Furthermore we cannot exclude the 
possibility that N-rich alkaloids, which are known to also be produced by this 
macrophyte may play a role in the internal allocation of nitrogen. Measuring alkaloids 
thus possibly might have provided an additional explanation for the lack of contrast 
in free amino acids. Furthermore, in relationship to the assumed limited nitrogen 
uptake, additional information on the N-rich alkaloids, in retrospect would have been 
most interesting. In case of possible future follow up to this study, additional chemical 
analyses of alkaloids should be considered.
 The secondary metabolites that we choose to include in this study, phenolics, 
indeed showed a higher total content  in plants grown under higher carbon conditions 
as expected (5).  Cronin & Lodge (2003) found phenolic contents for the macrophytes 
Potamogeton amplifolius and Nuphar advena grown at a high light availability also to 
be higher. This indicates that availability of light and availability of carbon in the water 
layer have similar effects on aquatic macrophytes. However, the palatability effects of 
the carbon treatment for neither O. limosus nor L. stagnalis do correspond to the 
observed differences in phenolics as we stated in expectation 6. In contrast the 
palatability effect of the carbon treatment for O. limosus does correspond to the 
observed differences in dry matter content in case of high nitrogen levels. This 
provides support to expectation 7 that dry matter content, being an integrative 
expression of underlying chemical traits, better correlates with palatability than 
individual chemical components. The lower percentage of dry matter in plants with 
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low carbon supply (fig. 2b) is probably due to a lower assimilation rate of M. spicatum 
caused by carbon limitation. Furthermore, plants with a low carbon supply grow 
mainly by stretching cells (Loomis, 1932; Smolders et al., 2001). This form of growth 
makes these plants capable of reaching the upper, carbon enriched water layer 
(Bloemendaal & Roelofs, 1988). However in combination with a lower assimilation rate 
it will result in a dilution of the metabolites in the plant’s tissue and thus also affect 
the resistance against herbivores. 
 Overall we can conclude that our study supports the value of bioassays as a 
potentially powerful tool to enhance the understanding of plant herbivore relations. 
The use of a combination of multiple herbivore bioassays and bio-chemical 
measurements also in an aquatic sytems provides a usefull approach to unravel the 
complicated trade-off relations between plant defence, nutritive value and herbivore 
preferences. Our results also reveiled a number of critical refinements to the set up 
chosen in this study: equalization of the biomass of the different food choice options 
provided in the choice tests, application of a higher number of replicates relative to 
the number of food choices, limitation of the number of herbivore individuals in each 
replicate to one and additional measurement of the secondary metabolite group of 
alkaloids.
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Abstract
This paper examines whether high atmospheric nitrogen deposition affects 
aboveground persistence of vascular plants. We combined information on local 
aboveground persistence of vascular plants in 245 permanent plots in the Netherlands 
with estimated level of nitrogen deposition at the time of recording. Aboveground 
persistence of vascular plants was studied using two types of survival statistic 
techniques: Kaplan-Meier analysis and Cox’ regression. We expected a link between 
nitrogen deposition and loss of plant species due to intensified herbivory or other 
forms of tissue loss that would lead to diminishing local aboveground persistence. 
This could not be detected. 
 In contrast, a positive relation was found between local aboveground persistence 
of plants and high levels of ammonia deposition. This result is considered to be an 
indication of lower colonization access. The results are discussed in relation to the 
extremely high levels of nitrogen deposition in the studied plots. This study provides 
an indication that management practices aiming for restoration of colonization 
access (e.g. mowing, grazing and sod cutting) are vital under heavily eutrophied 
conditions.
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Introduction
Changes in the Dutch flora in the second half of the 20th century have been shown to 
primarily relate to changes in nutrient availability (Tamis et al. 2005, in a study without 
consideration of the overarching effects of habitat loss due to land use changes). 
Also for the UK a relationship between increased atmospheric nitrogen deposition 
and plant species loss has been established (Maskell et al. 2009; McClean et al. 
2011). 
 Nutrient enrichment may cause the decline or increase of plant species by direct 
toxic effects, changes in their abilities to compete for light and changes in their 
susceptibility to secondary stress and disturbance (Bobbink et al. 2011). Such 
changes become visible in the vegetation in two ways: the loss of species and a 
change in vegetation structure, biomass and density.
 Ozinga et al. (2007) analyzed a dataset of 845 long-term permanent plots in 
terrestrial habitats across the Netherlands (Taken from the Dutch National Vegetation 
Database; Schaminée et al. 2012). The authors examined which plant traits and 
habitat preferences best explain local aboveground persistence of the vascular plant 
species in their dataset. They found the local aboveground persistence of plant 
species to be decreasing with increasing productivity of the habitat and nutrient 
requirement of the species involved. They hypothesized this may be explained by two 
processes that are not mutually exclusive: 
•	 The trade-off hypothesis: a fundamental trade-off between attributes enabling 
high rates of re source acquisition in productive habitats (high plant growth rates 
/ short life-time / low persistence) and attributes enabling efficient retention of 
resources (long life-time / high persistence) in unproductive habitats and/or 
•	 The access hypothesis: species from nurient-poor conditions experience a lower 
suitability for colonisation in enriched areas and are therefore declining , thereby 
selecting for longer aboveground persistence of the resident species (with a 
preference for nutrient-rich conditions). 
In this paper we explore the possible effects of nutrient availability on local 
aboveground persistence through spatial differences in airborne nutrient deposition. 
For this we re-examined the dataset of Ozinga et al. (2007), while additionally dividing 
the permanent plots into subsets of different levels of nitrogen (N) deposition. 
 In line with the trade-off hypothesis, the efficient retention of resources by plant 
species of naturally nurient-poor habitats may be affected by higher resource 
availability as a result of higher deposition rates. Such higher resource availability 
may cause higher levels of tissue loss due to herbivory (cf. the context dependent 
defence hypothesis; Hendriks et al. 1999, 2009) or to susceptibility to secondary 
stress other than herbivory, e.g. frost or drought. This would lead to lower aboveground 
110
Chapter 6
persistence (fig. 1; all red lines). This effect is expected to be smaller for species from 
naturally nurient-rich environments (fig. 1; continuous red line) compared to species 
from naturally nurient-poor environments (fig. 1; dotted red line).
In contrast, the access hypothesis predicts that N enrichment leads to a lower 
suitability for colonization for species from nurient-poor habitats. Due to limited (re)
colonisation success, species from nurient-poor habitats will gradually decline (for 
example due to genetic erosion or stochastic reasons). This decline from the total 
species pool will result in relative higher persistence of species from nurient-rich 
habitats. The cumulative survival curve therefore will be higher, but it reflects a lower 
number of species (fig. 2; dotted line).
In summary, we expect that adding N deposition as a covariate in the analysis of 
aboveground persistence will have a negative effect on the local persistence of 
species in the case of the trade-off hypothesis, while it will have a positive effect in 
case of the access hypothesis.
Figure 1  Trade-off hypothesis. Adapted from Ozinga et al. 2007. Productivity is defined by the 
Ellenberg indicator values of the species (Ellenberg et al, 1991): Low = Ellenberg values 1-4, 
Intermediate = Ellenberg values 5-6, High = Ellenberg values 7-9. The red lines indicate the 
hypothetical lower local aboveground persistence through elevated nutrient deposition.
N=40
N=98
N=132
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 
0 2 4 6 8 10 12 14 16 18 20 
C
um
ul
at
iv
e 
su
rv
iv
al
 
Time (years) 
Low 
Intermediate 
High 
Productivity: 
6111
Aboveground persistence of vascular plants
Methods
Analysis of local aboveground persistence with per manent plot data 
Permanent plots can provide important information about the temporal dynamics of 
plant communities since they allow for quantification of year to year local persistence 
of aboveground presence of the different plant species of a community. The 
permanent plot data we used, however, do not always include the full period of 
residence for all species. In many cases we have both complete data of a given 
species for which we know the exact period of local aboveground persistence (since 
the moment of aboveground appearance or disappearance is recorded) and 
incomplete data for which the period of aboveground persistence is at least the 
observed period, but may be longer. Therefore we used statistical techniques 
(‘survival statistics’) that account for censored data: Kaplan-Meier analysis and Cox 
regression. 
 We selected plots with a minimal observation period of 5 years from a large 
survey of permanent plot data in the Netherlands (1933-1999; see Smits et al. 2002 
for further details). In all analyses we excluded species that occurred in less than ten 
Figure 2  Access hypothesis. Adapted from Ozinga et al. 2007. The red dotted line indicates 
the expected higher local aboveground persistence under conditions of unnaturally high N 
deposition. Note that the total number of species will be lower then.
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permanent plots and species that are frequently planted (i.e. many tree and shrub 
species), leaving a total of 523 species. In order to get a more homogeneous dataset 
regarding environmental conditions and soil conditions we also excluded aquatic 
and forested plots and plots on peat soils, leaving a total of 245 plots.
Nitrogen deposition
The 245 plots in the analyses represent different sequences of yearly recordings 
ranging from minimal five sequential years to twentyfive sequential years spread over 
the period 1933-1999. For each of the permanent plots the estimated level of N 
deposition at the time of recording (estimated deposition in the year that represents 
the middle of the sequence of recording years of that plot) was derived from data 
produced by the Netherlands Environmental Assessment Agency. 
 Earlier studies have shown clear differences regarding the ecological relevance 
of the two forms of N deposition: ammonia (NHy) and nitrogen oxide (NOx; van den 
Berg et al. 2008; McClean et al. 2011). Therefore in the analyses we used the total N 
deposition (N-total), NHy and the ratio of the two forms (NHy /NOx). The ratio rather 
than NOx separately was applied, because the two forms are significantly correlated. 
Since also N-total and NHy are correlated, these factors were only included jointly in 
the first explorative step, but NHy rather than N was used in the final analyses (see 
below).
 The distribution of N deposition in space and time in the Netherlands, has been 
highly variable over the last century. 
 Data on NOx and NHy were generated using N deposition data from 2009 (www.
rivm.nl). These data are based upon large-scale emission-data maps, data on 
additional local emission contributions and data on local concentration measurements 
(Velders et al. 2010). Estimates for the NOx deposition levels between 1950-2009 for 
each 1x1 km grid cell of the map were calculated using a function describing the 
general emission and deposition trends within the Netherlands over the last one 
hundred years (Noordijk, 2007). A single function was used since we assumed the 
spatial distribution of the major emission locations (cities and infrastructure) to be 
generally constant over the time period covered.
For NHy, estimates for the depositions for the years in the period 1950-2009 for each 
1x1 km grid cell were calculated using specific emission-deposition functions for 
each of the 12 provinces of the Netherlands. These functions were derived from 
atmospheric transport and deposition relationships in and between provinces and 
with neighboring countries in terms of the proportional origins of the depositions 
(Velders et al. 2010). The emissions are calculated from the amounts of cattle per 
province, based on on life stock numbers over time from Statline (CBS 2012) and 
historical reports (Noordijk, H. & van der Hoek, K.W. (in prep.) N deposition in the 
Netherlands from 1500 till present. National Environmental Assessment Agency, 
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Bilthoven, the Netherlands). Separate data are collected for different types of cows, 
horses, pigs, sheep and poultry per province. The emission per province was derived 
using the same methodology as the general emission and deposition trends within 
the Netherlands over the last one hundred years. This results in an average deposition 
value over time for each province. The deposition value for a specific grid cell is 
casted back in time, using the time dependent average depositions for the provinces. 
With respect to the latter, distances and geographical positions relative to the general 
wind directions determined which provincial times series were selected for the 
backcasting.
 Furthermore, for the purpose of the permanent-plot-based persistence analyses, 
a correction of NHy deposition levels within the first 1500 metres from the shoreline 
was applied. Data from local concentration measurements (Stolk et al. 2009) were 
used to add a location specific raise in NHy deposition due to inland transportation of 
NHy from the surf. This was done in steps: <100mt., 100-300mt., 300-700mt. 
700-1500mt. Permanent plots closest to the sea were thus corrected with the highest 
amounts. Two different correction schemes were applied: one for the permanent 
plots in the Voorne area and near Ouddorp (based on local concentration 
measurements at Voorne: 2, 1, 0.7, 0.5 kg/m2 for the above mentioned inland zones) 
and one in the Meijendel area (based on local concentration measurements in that 
same area: 2, 1.5, 0.6 and 0.5 kg/m2 respectively). For plots at >1500 metres no 
additional NHy was calculated. Based on the historic development of the eutrophication 
of the North Sea, this correction was modified for the year of recording of the 
permanent plots. The above mentioned correction was applied to all plots recorded 
after 1980. No correction was applied to plots recorded before 1950. Linear 
interpolation was applied for determining the additional amount of NHy in the coastal 
1500 metre zone between 1950 and 1980.
Survival Statistics
Two types of statistical tech niques (‘survival statistics’) that account for censored 
data were applied: Kaplan-Meier analysis and Cox’ regression, also known as Cox’s 
proportional hazards model (with hazard rate being the inverse of persistence). Cox’ 
regression in contrast to Kaplan-Meier analysis allows for testing the relative effect or 
multiple variables. Both the Kaplan-Meier procedure and Cox regression are based 
on estimating ‘conditional’ probabilities at each time interval and taking the product 
limit of those probabilities to estimate the survival rate (in our case: aboveground 
persistence) at each point in time and thus to obtain survival curves. For comparisons 
of survival curves between groups of plots (grouped according to the estimated 
levels of deposition or abiotic conditions, see below) the log-rank test within the 
Kaplan-Meier procedure was used.  Pairwise comparisons (Mantel Cox) were 
performed to explore significance of differences between the survival curves. All 
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analyses were done in SPSS version 19. For further details on these techniques we 
refer to Ozinga et al. (2007). The Kaplan-Meier procedure is only suitable for analyses 
with just one covariate with a limited number of levels. Therefore the data on N-total, 
NHy and the NHy /NOx ratio were divided into three classes (in kg N ha
-1 y-1) for this 
procedure. In Cox’ regression the same classes were used. Additionally in Cox’ 
regression an alternative variant of the three-class division and a two-class division 
were also applied to explore the sensitivity of the analyses for the definition off the 
classes (Supporting material, table S1). 
Possible confounding factors
Since the permanent plots were not evenly distributed across the Netherlands 
(Supporting material, fig. S2), there may be confounding factors at play which have a 
spatial correlation with N deposition. 
 One such possible factor is the occurrence of specific management interventions 
or disturbance events at the permanent plot locations. Therefore we included in the 
analysis the occurrence of an abrupt (from one year to the next) change of vegetation 
type in a permanent plot (yes versus no). The occurrence of abrupt vegetation type 
changes is defined as the occurrence of multiple vegetation types within the 
sequence of PQ multi annual recordings of each plot as it is documented in the Dutch 
National Vegetation Database. The association type denominations in that database 
were established with the software tool ‘Associa’ (van Tongeren et al. 2008).
 A second issue is the occurrence of spatially unevenly distributed species pools 
related to differences in abiotic conditions. For this reason we included soil type in the 
analysis (sandy soils versus clay soils, based on the 1:50.000 soil types map of the 
Netherlands from 2006). The possible differences in effects of N deposition within 
these two soil type subsets however may also be related to differences in species 
pool at an even finer spatial scale. Therefore we alternatively also performed the 
analyses for subsets of plots within different physical geographical regions of the 
Netherlands (Supporting material, fig. S2, fig. S3 and table S4). 
 Thirdly, since spatial clusters of permanent plots are also clustered in time, the 
year that represents the middle of the sequence of recording years of each plot was 
also included into the analyses as a covariate. 
Analyses
In a first step, we performed a Cox’ regression with the N factors (in the three different 
class devisions) as well as the possible confounding factors added to an empty 
model. To evaluate the trade-off hypothesis, the interaction of  N-total and of NHy with 
the nutrient requirements of the species (based on Ellenberg values) was included in 
this Cox’ regression. Furthermore in this first step the factor physical geographical 
region was included and not soil type.
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 Secondly a Kaplan Meier analysis and a second Cox’ regression with physical 
geographical regions as strata were performed. 
 Finally another Kaplan Meier and Cox’ regression were performed with the soil 
types  used as strata. In order to exclude the possible confounding effect of differences in 
local species pools related to the effect of different physical geographical regions, we 
also included plant species as a categorical variable in this third Cox’ regression. 
Also our main factor of interest, N deposition, was included. As explained above 
N-total, NHy and NOx are correlated. Therefor we included NHy and the NHy /NOx ratio. 
The choice for NHy (and not N-total) was based on the larger strength of NHy in the 
empty Cox’ regression model (table 1).
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Table 1  Results of Cox’ regression when adding the different factors to an ‘empty model’. Higher 
scores explain larger proportions of the variance in the model. Average year = average year in 
which a series of a permanent plot was recorded; Vegetation shock = the occurrence of an 
abrupt (from one year to the next) change of vegetation type in a permanent plot (yes or no); PGR 
= Physical Geographical Regions. For the different classes see Supporting material, table S1.
Score df Sig.
N-total (no classes) 63.476 1 0.000
NHy (no classes) 88.420 1 0.000
NHy/NOx ratio (no classes) 55.437 1 0.000
Average year 40.502 1 0.000
Vegetation shock 137.069 1 0.000
PGR (all classes) 376.423 5 0.000
PGR: Dunes 7.129 1 0.008
PGR: Hill country 2.328 1 ns
PGR: Sandy area 331.136 1 0.000
PGR: Riverine area 234.300 1 0.000
PGR: Sea clay area .899 1 ns
Ellenberg N values (all classes) 78.603 2 0.000
Ellenberg N intermediate class (fig. 1) 20.614 1 0.000
Ellenberg N high class (fig. 1) 21.357 1 0.000
N-total (all 3 classes variant A) 221.582 2 0.000
N-total (intermediate class variant A) 154.565 1 0.000
N-total (all 3 classes variant B) 234.880 2 0.000
N-total (intermediate class variant B) 157.440 1 0.000
N-total (high class variant A and B) 205.447 1 0.000
N-total (2 classes) 5.006 1 0.025
NHy (all 3 classes variant A) 323.072 2 0.000
NHy (intermediate class variant A) 250.586 1 0.000
NHy (high class variant A) 295.236 1 0.000
NHy (all 3 classes variant B) 273.714 2 0.000
NHy (intermediate class variant B) 151.971 1 0.000
NHy (high class variant B) 248.294 1 0.000
NHy (2 classes) 5.006 1 0.025
NHy/NOx ratio (all 3 classes variant A) 369.317 2 0.000
NHy/NOx ratio (intermediate class variant A) 288.917 1 0.000
NHy/NOx ratio (all 3 classes variant B) 349.996 2 0.000
NHy/NOx ratio (intermediate class variant B) 248.001 1 0.000
NHy/NOx ratio (high class variant A and B) 303.650 1 0.000
NHy/NOx ratio (2 classes) 6.259 1 ns
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Results
The first, empty model, Cox’ regression revealed the factors that significantly affect 
the aboveground persistence of the plants (table 1). It also confirmed the validity of 
the choice for the ‘A’ variant of a three classes division (Supporting material, table S1) 
to be used in further analyses. Total N deposition, NHy and the NHy/NOx ratio are all 
significant, both in case of a three class division as well as when not being divided 
into classes. Interestingly also the average year of recording of the permanent plots 
(ranging from 1939 to 1997), the occurrence of abrupt vegetation changes, the 
Ellenberg indicator values for nutrient availability (divided in three classes cf. Fig. 1) 
and three of the physical geographical regions (dunes, sandy area and riverine area) 
do have a significant effect upon plant species persistence.
 Since the physical geographical regions were among the significant factors, we 
further explored this with a Kaplan Meier analysis and a second stratified Cox’ 
regression.  Pair wise comparisons (Mantel Cox) indeed show significant differences 
between the survival curves for different physical geographical regions (Supporting 
material, fig. S3) and in the Cox’ regression significant interactions with these regions 
occurred (Supporting material, table S4). 
 Figure 3 shows the results of the Kaplan Meier analysis with NHy classified into 
three categories. Pairwise comparisons (Mantel Cox) show significant differences 
between all of the three survival curves (p <0.001).
Figure 3  Aboveground local persistence illustrated with survival curves based on Kaplan-Meier 
analyses. Analysis with 523 species, 245 plots and 3842 observed survival times (periods of 
local aboveground persistence) and 8932 censored survival times. The y-axis gives the 
cumulative percentage of plots in which the species persists at a given time. All three curves 
are significantly different (p <0.001). The classifications are all according to the ‘A’ variant 
(supporting material, table S1).
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In figure 4 the survival curves as inferred from the Cox’ regression model (taking into 
account species as a covariate) are displayed. Aboveground persistence is 
significantly higher in plots on sandy soils compared to clay soils (p <0.001). The 
patterns within the two soil type strata are similar, for both NHy (fig. 4a/c) and for NHy /
NOx ratio (fig. 4b/d).
The effect of the factor species is much stronger compared to the effect of N (table 2). 
If the species effect is taken into account the differences between the three NHy 
classes however, remain significant (p < 0.009, table 2).  In comparison to a model 
without the species effect (results not shown) the order stays the same. Most 
interestingly, the high NHy class is showing the highest survival rate and the low NHy 
class the lowest. 
Figure 4  Aboveground local persistence illustrated with survival curves based on Cox’ 
regression. Analysis with 523 species, 245 plots and 3842 observed survival times (periods of 
local aboveground persistence) and 8932 censored survival times. The y-axis gives the 
cumulative percentage of plots in which the species persists at a given time. Survival curves for 
sand and clay as strata and with plant species included in the model. In 4a/c species are 
classified in three NHy classes and in 4b/d three NHy/NOx ratio classes. The classifications are 
all according to the ‘A’ variant (supporting material, table S1).
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 For the NHy /NOx ratio, a difference between the highest ratio class and the other 
two classes is revealed. This difference is significant (p < 0.027), whereas the difference 
between the low and intermediate class is not.
 When we compare the result of the Cox’ regressions for NHy (fig. 4a/c) with the 
Kaplan Meier analysis for NHy (fig. 3), the low and intermediate classes switch order.
Table 2 Results of Cox’ regression for hazard rate (= inverse of persistence), with soil type as 
strata. Based on 523 species, 245 plots and 3842 observed survival times (periods of local 
aboveground persistence) and 8932 censored survival times. For the significant variables that 
were included in the multivariate model (NHy, NHy/NOx, plant species) the following parameters 
are given: regression coefficient (β; negative values indicate that the variable reduces the 
hazard rate and thus increases the local aboveground persistence, while positive values imply 
a trade-off), standard error (SE), the Wald test statistics (indication of the relative importance of 
the effect), and the significance of the regression coefficients βi.
Variable β SE Wald χ2 df Sign.
Plant species 1940.806 521 0.000
NHy (all 3 classes)   9.416 2 0.009
NHy  (intermediate class) -0.200 0.092 4.717 1 0.030
NHy  (high class) -0.411 0.134 9.407 1 0.002
NHy/NOx ratio (all 3 classes)   17.224 2 0.000
NHy/NOx ratio (high class) -0.332 0.150 4.897 1 0.027
Discussion
The trade-off hypothesis predicts the effect of atmospheric N deposition to be 
different for plant species from different natural environments (see fig. 1). The 
interaction of  N-total and of NHy with the nutrient requirements of the species (based 
on Ellenberg values) was included in the Cox’ regression. Neihter of these did prove 
to be significant (data not shown). Also the trade-off hypothesis predicts the local 
aboveground persistence of plant species to be lower in case of higher levels of N 
deposition. The opposite was true. Thus, the trade-off hypothesis was not confirmed. 
In contrast, the highest N-total or NHy deposition category consequently also showed 
the highest local aboveground persistence of the plant species, both with or without 
the species pool effect taken into account and independent of the soil type. This is in 
line with the ‘Access hypothesis’ as formulated in the introduction: elevated nutrient 
availability might leave less space for colonization by new individuals, i.e. lower 
colonization access. On the landscape scale this may lead in the longer term to 
declines of species with relatively low dispersal abilities (see Ozinga et al. 2009). 
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 The aboveground persistence being significantly higher in plots on sandy soils 
compared to clay soils is in line with the predictions of the trade-off hypothesis in the 
sense that efficient retention of resources thrue long life-time / high persistence is 
favourable in the more nurient-poor sandy soils. This however in itself is not sufficient 
to confirm the hypothesis.
 The fact that NHy /NOx ratio is also having an effect indicates that not only the 
level of N deposition matters, but also its form as was shown in an earlier study by 
van den Berg et al., (2008). It is possible that NHy is more relevant to aboveground 
persistence of plants than NOx since many of the persistent species are species that 
are known to prefer NHy (e.g. Falkengren-Grerup, 1995). However we cannot exclude 
the possibility that this result is due to the stronger gradient of NHy (ranging from 4 to 
39 kg N ha-1yr-1) in our dataset compared to NOx (ranging from 2 to 9 kg N ha
-1yr-1).
 The fact that the results in this study are pointing in the direction of high nutrient 
availability leading to lower colonization access rather than loss of species due to 
intensified herbivory or increased competition for light and space, may very well be 
related to the severity of eutrophication problems in The Netherlands. Both the 
intermediate and the high categories of N deposition (total N deposition, supporting 
material, table S1) are well above the critical loads of N deposition for most vegetation 
types (Bobbink et al. 2011). Furthermore this excessive N deposition in the Netherlands 
already started in the sixties and peaked in the eighties and since then is very slowly 
declining somewhat again (Noordijk, 2007). Our dataset also covers a similarly long 
time span. The significant positive effect of the average recording year (ranging from 
1939 to 1997) upon plant persistence (table 1) probably is the result of this historical 
correlation. Another indication of the validity of the access hypothesis is provided by 
the fact that the occurrence of abrupt (from one year to the next) changes of vegetation 
type in the permanent plots also showed a significant effect (table 1) upon plant 
species persistence. Such abrupt vegetation type changes, namely in most cases 
can be attributed to disturbance events with a positive effect on vegetation 
accessibility (fire, sod cutting).
 The ‘fixation’ of vegetation dynamics due to the lower accessibility to newcomers 
poses an extra threat to species diversity since it may lead to further additional 
extinction of species due to population dynamical and population genetical effects 
(Booy et al. 2000). At the same time the results presented here support the notion that 
management practices aiming for restoration of colonization access (e.g. mowing, 
grazing and sod cutting) are vital under heavily eutrophied conditions such as in the 
Netherlands. 
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Supporting material
Table S1 Classes applied in the analyses. The ‘A’ variant division into three classes was used 
in the paper. A two-class division and an alternative three-class division (B) were also explored. 
The ‘B’ variant of the three-class division has a lower cut-off point of the lowest deposition and 
ratio classes. For NHy also the cut-off between the intermediate and the high class differs. 
 The results produced with the ‘A’ variant of the three-class division are slightly stronger 
than the results from the alternative (B; table 1). The two-class division is not significant for the 
NHy/NOx ratio and only just for the two nitrogen parameters.
Three 
Classes 
A
Number 
of plots
Three 
Classes 
B
Number 
of plots
Two 
Classes
Number 
of plots
Total nitrogen deposition (kg/ha/year)
low 6-19 35 6-23 49 low 6-23 49
intermediate 20-32 167 25-32 153 high 29-49 196
high 33-49 43 33-49 43
NHy deposition (kg/ha/year)
low 4-12 35 4-16 49 low 4-16 49
intermediate 13-23 135 17-25 165 high 20-39 196
high 24-39 75 27-39 31
NHy/NOx ratio
low 1.8-2,0 42 1.8-2.4 48 low 1.8-2.4 48
intermediate 2.1-2.8 139 2.5-2.8 133 high 2.5-4.6 197
high 2.9-4.6 64 2.9-4.6 64  
6123
Aboveground persistence of vascular plants
Figure S2  Distribution of the permanent plots (PQ). The colors indicate physical geographical 
regions (PGR) of the Netherlands. We included dunes, hill country, sandy area, riverine area 
and sea clay area in the Cox regressions (table 1 and Appendix S3 and S4). The triangles 
indicate the locations of the permanent plots. At most locations there are multiple plots.
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Pair wise comparisons show significant differences between the survival curves for 
the sandy area and for the riverine area (p<0.000 in both cases). Note that in the 
sandy and the riverine area only the intermediate and high classes occur. In the 
dunes only the low and intermediate classes are found (not shown), but the two 
survival curves for those classes are not significantly different.
Figure S3  Kaplan-Meier analysis with Physical Geographical Regions as strata. Above-ground 
local persistence illustrated with ‘survival curves’ related for various NHy deposition levels, 
based on Kaplan-Meier analysis with 523 species, 245 plots and 3842 observed survival times 
(periods of local above-ground persistence) and 8932 censored survival times. The y-axis 
gives the cumulative percentage of plots in which the species persists at a given time. Species 
are classified in three NHy classes according to the ‘A’ variant (appendix S1). a. Sandy area; b. 
Riverine area.
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Table S4  Results Cox’ regression with Physical Geographical Regions as strata. Cox’ regression 
for hazard rate (= inverse of persistence) based on 523 species, 245 plots and 3842 observed 
survival times (periods of local above-ground persistence) and 8932 censored survival times. 
For the significant variables that were included in the multivariate model (N-total, NHy, NHy/
NOx and PGR*NHy) the following parameters are given: regression coefficient (β; negative 
values indicate that the variable reduces the hazard rate and thus increases the local 
above-ground persistence, while positive values imply a trade-off), standard error (SE), the 
Wald test statistics (indication of the relative importance of the effect), and the significance of 
the regression coefficients βi. 
Variable β SE Wald χ2 df Sign.
Physical geographical regions as strata
N-total (all 3 classes) 27.457 2 0.000
NHy/NOx ratio (all 3 classes) 66.506 2 0.000
NHy/NOx ratio (intermediate class) 0.712 0.121 34.703 1 0.000
PGR (all classes) * NHy (all 3 classes) 268.186 6 0.000
PGR (Sandy area ) * NHy  (intermediate class) -0.851 0.208 16.662 1 0.000
PGR (Sandy area ) * NHy  (high class) -2.230 0.275 65.796 1 0.000
Local persistence decreases with the intermediate class of NHy/NOx ratio. Within the 
‘Sandy area’ local above ground persistence increases with the intermediate and 
high classes of ammonia deposition. 
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Abstract
Nutrient availability in ecosystems has increased dramatically over the last century. 
Excess reactive nitrogen deposition is known to negatively impact plant communities, 
e.g. by changing species composition, biomass and vegetation structure. In contrast, 
little is known on how such impacts propagate to higher trophic levels.
 To evaluate how nitrogen deposition affects plants and herbivore communities 
through time, we used extensive databases of spatially explicit historical records of 
Dutch plant species and Orthoptera (grasshoppers and crickets), a group of animals 
that are particularly susceptible to changes in the C:N ratio of their resources. We use 
robust methods that deal with the unstandardized nature of historical databases to 
test whether nitrogen deposition levels and plant richness changes influence the 
patterns of richness change of Orthoptera, taking into account Orthoptera species 
functional traits. 
 Our findings show that effects indeed also propagate to higher trophic levels. 
Differences in functional traits affected the temporal-spatial dynamics of assemblages 
of Orthoptera. While nitrogen deposition affected plant diversity, contrary to our 
expectations, we could not find a strong significant effect of food related traits. 
However we found that species with low habitat specificity, limited dispersal capacity 
and egg deposition in the soil were more negativly affected by nitrogen deposition 
levels. 
 Despite the lack of significant effect of plant richness or food related traits on 
Orthoptera, the negative effects of nitrogen detected within certain trait groups (e.g. 
groups with limited disperse ability) could be related to subtle changes in plant 
abundance and plant quality. Our results, however, suggest that the changes in soil 
conditions (where many Orthoptera species lay their eggs) or other habitat changes 
driven by nitrogen have a stronger influence than food related traits. To fully evaluate 
the negative effects of nitrogen deposition on higher trophic levels it is essential to 
take into account species life-history traits. 
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Introduction
With the expansion of agriculture and increased use of fossil fuels, reactive nitrogen 
availability in ecosystems has increased dramatically over the last century (Sutton et 
al. 2011). In the Netherlands nitrogen availability substantially increased between 
1950 and 1990, and after the implementation of environmental policy measures it 
started to decrease, but not down to the 1950 levels (Noordijk, 2007). Excess reactive 
nitrogen causes direct and indirect damage to the functioning of ecosystems (Sutton 
et al. 2011). Nutrient enrichment of ecosystems may cause the decline or increase of 
plant species through direct toxic effects, changes in their abilities to compete for 
light and changes in their susceptibility to secondary stress and disturbance (Bobbink 
et al. 2011). Such changes become visible in the vegetation in two ways: changes of 
species composition and changes in vegetation structure, biomass and density.
While impacts of nitrogen on plant communities have received considerable attention 
(e.g. Walker & Langridge, 1997; Aerts & Chapin, 2000), little information is available 
on how such changes propagate through trophic levels. Higher trophic levels, such 
as herbivores and predators, may be impacted via the loss of plant species, via 
changes in vegetation structure or, in the case of herbivores via changes in food 
quality. Elevated nitrogen deposition can impact food quality by changing the internal 
C:N balance of plants which in turn is known to affect both the nutritional value to 
herbivores as well as the level of plant defence.
 Here we studied the influence of excess nutrient availability on plants and 
Orthoptera species (grasshoppers and crickets). We used Orthoptera as a test 
herbivore group, as they are particularly susceptible to changes in the C:N ratio of 
their resources (Athey & Connor, 1989; Takafumi et al., 2010). Also this group allows 
for comparison of herbivorous, omnivorous and carnivorous species. We studied the 
relationships between Orthoptera species richness, plant species richness and 
nitrogen deposition levels using data from the Netherlands. As the majority of 
Orthoptera species in the Netherlands are herbivores (Kleukers et al. 2004), and 
plant resources can be negatively affected by high levels of nitrogen (e.g. Tamis 
2001; Augustine, 2003; Van der Waal et al. 2011) we expected overall changes in 
Orthoptera species richness to parallel changes in nitrogen deposition and changes 
in plant species richness both in time and space (hypothesis 1).
 In addition, species responses may depend on their traits (e.g. Biesmeijer et al. 
2006). As nitrogen deposition can affect the herbivore-defence mechanisms and the 
nutritional value of plants (Hendriks et al. 2009), we expected that herbivores would 
be impacted more by nitrogen overload than carnivores and omnivores (hypothesis 2). 
 Specialist Orthoptera feed mostly on grasses. As grasses are generally impacted 
less negatively by increased nitrogen deposition than herbs, or even beneficiate from 
increases in soil nitrogen availability (Smika et al. 1965; Cohn et al. 1989; Debain et 
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al. 2005; Van der Waal et al. 2009), we expected grass specialists to benefit more 
from nitrogen availability than generalists (hypothesis 3). 
 As habitat specialist species are more susceptible to habitat loss and species 
with great dispersal ability are more able to adjust their spatial range, we expected 
Orthoptera with a wide habitat range and limited dispersal ability to show a stronger 
relationship with changes in nitrogen deposition than habitat specialists (hypothesis 4).
 Finally, since nitrogen deposition levels relate to changes in the structure and 
density of the vegetation and thus to the microclimate, we expected the group of 
Orthoptera laying their eggs in the soil to be more impacted by changes in nitrogen 
deposition than those who lay their eggs in plants (hypothesis 5). This because the 
microclimate (ground temperature) is related to the hatching success of the eggs 
(van Wingerden et al. 1991). In contrast to the above, we did not expect any specific 
relationship between development rate of the Orthoptera species and nitrogen 
deposition level.
While nitrogen deposition is known to have strong effects on plant communities, little 
was known on how such impacts propagate to higher trophic levels.
 With this study we provide evidence of impacts of nitrogen deposition on higher 
trophic levels and also explore the possible mechanisms by comparing responses of 
groups with contrasting traits.
Methods
No standardized recording schemes exist for the Orthoptera of the Netherlands. 
However, the existing large amount of haphazardly collected historical observations 
provides an opportunity to evaluate changes in this group (e.g. Biesmeijer et al. 2006; 
Keil et al. 2010; Carvalheiro et al. 2013). The change in species richness is considered 
to represent the shifts in ecological success of a given group of species. Shifts in 
species richness are analysed per grid-cell by comparing the value of richness, 
estimated based on species accumulation curves, in different periods. 
Data availability and choice of periods for comparison
The Orthoptera database of the European Invertebrate Survey – The Netherlands and 
other databases included in the National Database of Flora and Fauna were used. 
The total number of records used was 297535.
 Plant species data were also taken from the National Database on Flora and 
Fauna of the Netherlands. We only used the plant data in the NDFF originating from 
vegetation relevees (Schaminée et al., 2012). 
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 As comparing unequal time periods may bias the results (Keil et al., 2010), here 
we compare periods of equal length (15 years). Based on the temporal distribution of 
nitrogen deposition in the Netherlands, the periods were chosen in such a way that 
they reflected: (i) the period before the deposition level of 25 kg of nitrogen per 
hectare per year was exceeded (1956-1970), (ii) the period in which the deposition 
levels peeked (1976-1990) and iii) the more recent period (1996-2010) during which 
the deposition levels were considerably (on average 27%, 20-39%) lower compared 
to the second period. 
Estimation of species richness change and the role of spatial scale
As shown by previous studies (Cassey et al. 2006; Keil et al. 2010; Carvalheiro et al. 
2013), evaluating richness change at different spatial scales may render very different 
results. A multi-scale approach allows to distinguish between changes due to large 
range expansions or contractions (which will affect richness values of multiple fine 
scale cells, and hence have a substantial effect on the mean change value at finer 
spatial scales, but no effect at country level), or to country-level extinctions of spatially 
restricted species and species introductions (which will affect coarse scale richness, 
while only influencing a few fine scale cells). Therefore, we repeated the analyses for 
variously sized spatial grids (1x1km, 10×10km, 20×20km, 40×40km, 80×80km grid 
cells as well as for the whole country). To deal with the non-standardized nature of 
this data we followed the methods described in Carvalheiro et al. (2013) that are 
based on the probability of species being detected under a given sampling effort. We 
obtained estimates of relative richness change per grid cell as well as an estimation 
of the associated error. Techniques from meta-analysis which allowed weighing each 
cell based on its uncertainty, i.e the inverse of variance (Hartung, Knapp and Sinha 
2008), were then applied to obtain an overall weighted value of richness (Qw) and 
assess if such value was significantly different from zero (Carvalheiro et al. 2013). 
These calculations were done using rma.uni function of the R package metaphor 
(Viechtbauer 2010). To check if the method completely corrected for bias due to 
differences in sampling efforts, we included the log of the relative difference of 
number of records as a covariate. To obtain unbiased estimates of richness change 
for each grid cell, we calculated the partial residuals after removing the effect of 
sampling effort for each cell (see Carvalheiro et al. 2013).
 For these analyses we used only grid cells that followed several selection criteria 
that minimize the sensitivity of the results to the removal/addition of one grid cell: a) 
at least 30 records per period, b) a records-to-species ratio of at least 1.5 in each of 
the two time periods and c) for locations with low sampling effort in one of the periods 
(i.e. less than five times the maximum number of species in the country), a less than 
10-fold difference in numbers of records between periods was required. Also, if a grid 
cell has a high number of records but only records of one single species in a given 
132
Chapter 7
period, sampling in this grid-cell was likely targeted to that species, and therefore 
such grid cells was also excluded from the further analysis. This produced a total of 
grid cells as indicated in table 1. Also 10 year periods were examined to explore the 
possible trade off between the criteria used (supporting information, table S1).
Relations between Orthoptera, plants and nitrogen deposition 
For most of the ten by ten kilometre cells that met the criteria with respect to Orthoptera 
data availability (see table 1), the plant data were also sufficient to produce species 
richness change assessments using the same methods as used for Orthoptera (97 
out of the 113 cells, see fig.1). Nitrogen deposition (sum of reduced and oxidized 
nitrogen for the year 2009) was obtained for each grid cell in the Netherlands, based 
on a model developed by the Netherlands Environmental Assessment Agency (RIVM).
Table 1  Orthoptera and plant data: Number of grid cells resulting from the criteria (see text of 
methods section) applied. 
Grid scale (Total nr. of cells)
Pre-period/Post-period (#records) 1 km 
(46700)
10 km 
(467)
20 km 
(108)
40 km 
(25)
80 km 
(6)
Orthoptera 1956-1970/1976-1990 (3389/18562) 1 17 22 15 6
1976-1990/1996-2010 (18562/173747) 38 113 52 23 6
Plants 1956-1970/1976-1990 (194032/3508705) 287 104 39 14 6
1976-1990/1996-2010 (3508705 /2064061) 2840 348 99 27 6
Figure 1  Changes in Orthoptera- and plant species richness between P2 and P3.  Ammonia 
deposition in 2009. Plant species richness and ammonia deposition are only shown for those 
10 by 10 km grid cells that met the criteria for Orthoptera data availability (see table 1).
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NHx deposition was more or less evenly distributed over the Netherlands during the 
first time period, showed a dramatic increase in certain areas in the second period (in 
relation to concentrations of livestock numbers, Noordijk & van der Hoek, unpublished 
data) after which it decreased again, but with an unchanged spatial distribution. Thus 
the 2009 data (fig. 1) also reflect the spatial pattern of the increase of NHx deposition 
between the first and second period and therefore are also relevant for the first versus 
second period species richness comparisons. In other words: the 2009 levels per 
cell reflect the increase between P1 and P2 and the actual levels between P2 and P3.
The effects of changes in plant species richness and of NHx deposition upon the 
changes in Orthoptera species richness were tested using a linear model (GLM), 
using plant richness change and nitrogen deposition as explanatory variables. Prior 
to that the data were log transformed and checked for normality and homogeneity of 
residuals variance. Spatial autocorrelation of Orthoptera species richness change, 
plant species change and nitrogen deposition was tested by comparing the fit of a null 
model with and without spatial autocorrelation structure. If residuals were significantly 
spatially auto-correlated, models were corrected accordingly (see Pinheiro and Bates 
2000; Zuur et al. 2009). Spatial autocorrelation was equally considered in all statistical 
analyses described hereafter.
 Data processing and richness analyses were done in R (R Development Core 
Team 2009). 
Role of species traits on Orthoptera diversity changes
A total of 47 species of Orthoptera were included in the analyses. To evaluate if diet 
breadth and type regulated Orthoptera community changes, these 47 species were 
divided into different groups according to: food type (herbivore in all life stages or not 
so) and food specificity (specialist herbivore or generalists). The food type and food 
specificity groups are nested (supporting information, table S2). The generalists 
group consists of six herbivorous species and 19 omnivorous species. The group of 
specialists consists of 21 herbivorous species and one omnivorous species 
(Metrioptera roeselii).
 For the 2nd and 3rd time period comparison, both the trend analyses and the 
evaluation of the effects of plant species richness change and of ammonia deposition 
on Orthoptera richness change were also done for the trait-based subsets of 
Orthoptera species. 
 To test if other species traits not related to diet influence community trends, 
analyses were repeated for several life-history traits: rate of development (one year or 
shorter versus two years), dispersal capacity (limited or high), habitat specificity 
(narrow or wide), egg deposition (in soil or in plants). The choice of these traits was 
determined by the availability of data for all Orthoptera species. These data were 
derived from the distribution atlas (Kleukers et al., 2004) and from the expert 
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knowledge of EIS Nederland (Stichting European Invertebrate Survey - Netherlands) 
and are listed in table S2 of the supporting material. 
Results
Temporal changes in plant and Orthoptera species richness in the 
Netherlands
Between 1956-1970 (P1) and 1976-1990 (P2) pronounced plant richness increases 
were detected at finer scales and no changes were detected at country level (fig. 2).
Figure 2  Trends in species richness change (∆S% +- 95% confidence intervals) for Orthoptera 
and plant species. Trends at the 10, 20, 40, 80 km grids and all Netherlands. In grey: changes 
between 1956-1970 and 1976-1990. In black: changes between 1976-1990 and 1996-2010. See 
table 1 for the numbers of grid cells. Filled symbols indicate change of significantly diffrent from 
zero; open symbols indicate that change was not significantly different from zero. A pair of 
results is considered not to be significantly different if the 95% error bars do not overlap.
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Between P2 and 1996-2010 (P3) changes were much less accentuated and only mild 
increases in richness were detected at all scales. When looking in more detail to the 
fine scale (10km) changes in richness (fig. 1), our results show that increases in 
richness found between P2 and P3 were negatively related with ammonia (i.e. 
increases were stronger in regions with lower ammonia deposition; table 2a).
 Changes in Orthoptera species richness (S) between P1 and P2, were not 
accentuated i.e. small significant declines being only detected at 20 km scale, while 
at coarser scales increases were detected (fig. 2). Such increases were positively 
related with changes in plant richness (table 2a). Between P2 and P3 Orthoptera 
richness change (%) was significantly positive at all scales, increases being more 
pronounced at finer scales. Moreover, ammonia levels tended (P=0.064) to be 
negatively related with Orthoptera richness changes detected between P2 and P3 
(table 2a), but no significant effect of plant richness change on Orthoptera was 
detected. Therefore, increases of Orthoptera and plants richness were more frequent 
at low levels of ammonia, while at high levels of ammonia Orthoptera richness 
increases were much less accentuated (see fig. 3).
Role of species traits on Orthoptera diversity changes
Between P2 (1976-1990) and P3 (1996-2010) herbivores and non-herbivore 
Orthoptera species had similar patterns of change, the last group only having slightly 
more pronounced richness increases particularly at coarser scales (see fig. 4). Food 
specialization had, however, a stronger influence on the patterns of richness change 
found between P2 and P3, increases being more accentuated for generalists than 
for grass specialists. No significant changes in richness were found for specialist at 
coarser scales (40 km to country level), while generalist richness increased significantly 
at all spatial scales. 
 When looking in more detail at finer scale, we found no significant effect of plant 
richness change on none of the food type trait groups of Orthoptera (table 2b), but for 
herbivores and grass specialists richness was likely to increase under low ammonia 
levels, grass specialists also being more responsive to changes in plant richness 
(see fig. 5).
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Figure 3  Orthoptera species richness change (+-SD, dashed lines) against plant species 
change at low versus high nitrogen levels (all Orthoptera). All comparisons between the second 
(1976-1990) and third time period (1996-2010) and in 10 km grid cells. The black lines show the 
estimated values for Orthoptera under a fixed value of ammonia; the grey lines represent the 
95% confidence intervals. Ammonia levels in mol/ha.
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Figure 4  Trends in species richness change (∆S% +- 95% confidence intervals) for the food 
trait-based subsets of Orthoptera species. Trends at the 10, 20, 40, 80 km grids and whole 
country. See table S3 of the supporting material for the numbers of grid cells. Filled symbols 
indicate change of significantly diffrent from zero; open symbols indicate that change was not 
significantly different from zero. A pair of results is considered not to be significantly different if 
the error bars do not overlap.
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As for non-food traits analyses, our results show that at course-scale levels (80 km 
and the country level) species with a narrow habitat range had more accentuated 
increases than species with wide habitat range. At finer scales, both wide and narrow 
habitat range groups increased in richness (fig. 6) and when looking in more detail at 
fine scale changes, ammonia levels only had a negative effect on richness change of 
Orthoptera species with a wide (rather than narrow) habitat range (table 2b).
Figure 5  Orthoptera species richness change (+-SD, dashed lines) against plant species 
change at low versus high nitrogen levels (food trait subgroups). All comparisons between the 
second (1976-1990) and third time period (1996-2010) and in 10km grid cells. The black lines 
show the estimated values for Orthoptera under a fixed value of ammonia; the grey lines 
represent the 95% confidence intervals. Ammonia levels in mol/ha.
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Dispersal ability also seems to influence patterns of richness change. At a coarse 
scale (80 km) increases in species richness were significantly more accentuated for 
species with higher dispersal ability (fig. 6). At finer scales, both groups increased in 
richness (fig. 6), but for Orthoptera species with limited (rather than high) dispersal 
ability richness change was negatively affected by ammonia levels (table 2b).
 Species with a development rate of two years had a higher increase in species 
richness at the country level than species with a one year development rate. At finer 
scales increases in richness were only detected for the group with one year 
development, changes of assemblages with a two year development rate being 
dependent on plant species richness increases (table 2b). The positive effect of 
plants was not detected for the subgroup of species with a one year development.
 Orthoptera species that deposit their eggs in plants had substantially more 
pronounced increases in richness between P2 and P3 than species that oviposit in 
bare soil (at 20, 40 and 80 km levels). At finer scales, increases for species that lay 
eggs on bare soil were constrained by high ammonia while richness change of the 
Figure 6  Trends in species richness change (∆S% +- 95% confidence interval) for the 
non-food trait based subsets of Orthoptera species. Trends at the 10, 20, 40, 80 km grids and 
whole country. See table S3 of the supporting material for the numbers of grid cells. Filled 
symbols indicate change of significantly diffrent from zero; open symbols indicate that change 
was not significantly different from zero. A pair of results is considered not to be significantly 
different if the error bars do not overlap.
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group of species that deposit their eggs in plants was positively related with changes 
in plant assemblages (table 2b).
Discussion
Nitrogen availability has increased substantially over the past century. While many 
studies have focused on its impact on plant communities, little is known about the 
effects on higher trophic levels. Here we show that both plants and herbivores are 
negatively affected by nitrogen deposition; this effect being particularly marked for 
species that have a broad habitat range and limited dispersal ability, as well as on 
species that deposit their eggs in the soil.
Changes in species richness during time periods of high and lower 
nitrogen levels
We expected plant species richness to be negatively affected by high levels of 
nitrogen. While the results for P1 (1956-1970) versus P2 (1976-1990) were not conclusive, 
this expectation was confirmed by the changes between P2 and P3 (1996-2010).
 Although fine scale changes in plant richness were more accentuated during the 
time period where NHx (ammonia) deposition was increasing, i.e. between P1 and 
P2, spatially explicit analyses showed that between P1 and P2 patterns of plant 
richness change are not significantly related to NHx values in 2009 (Table 2a), 
suggesting that although both plant richness and NHx increased between P1 and P2, 
no causal relationship exists. It is, however, possible that our assumption regarding 
the 2009 nitrogen deposition data to also reflect the spatial pattern of the increase of 
NHx deposition between the first and second period does not fully hold. Furthermore 
it is likely that plant species with different physiological requirements react differently 
to ammonia levels. More detailed analyses that take into consideration nitrophily of 
plants would be required to fully explore the effect of nitrogen on plants. Also the 
statistical power for the spatial analysis of plant and nitrogen changes between P1 
and P2 (n=7) is considerably lower than for P2 versus P3 (n=97).
 As mentioned above, the results for P2 versus P3 suggest that the overall effect 
of nitrogen is negative, since they show that plant richness increases are most 
accentuated in cells with low NHx levels. This negative effect is constraining the 
overall species richness increases between P2 and P3 which may be driven by other 
drivers (e.g. landuse changes, climate, ecological restoration efforts).
 As for Orthoptera, we expected overall changes in species richness to parallel 
changes in nitrogen deposition and changes in plant species richness both in time 
and space. This was confirmed by the results of P1 versus P2, although the statistical 
power in that part of the analysis was low (table 2a). Indeed, between P2 and P3 
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levels of NHx tended to be negatively associated with Orthoptera richness change 
(Fig 3, table 2a). However, no spatially explicit relation between changes in plant 
species richness and changes in Orthoptera species richness was found (table 2a). 
Therefore, while the negative impact of nitrogen propagates to higher trophic levels, 
the general impact via plants as formulated in the first hypothesis is not clear. This 
could be due to the fact that not all Orthoptera species are herbivores, or because 
other life history traits also play a role. We discuss the effect of such traits below. 
Moreover, changes in abundance of species may vary substantially with no change 
in species richness, many species persisting in a given location with very few 
individuals. It is therefore possible, that an effect of plants would only be detected 
with detailed information on the changes of plant biomass.
Aspects of scale
Changes in Orthoptera species diversity in the Netherlands during the study period 
in addition to nitrogen are also driven by two other main factors: habitat changes 
(Schouten et al. 2007) and climate changes (Kleukers, 2002, Walters et al. 2006, 
Hochkirch and Damerau 2009). The increase of Orthoptera species richness between 
between P2 (1976-1990) and P3 (1996-2010) at the fine scales among our results, is 
most probably related to factors that lead to large changes in species range, while 
the increase at country level reflects the incidental arrival of newcomers. Indeed, the 
significant increases at coarser scales (country level and 80km) between P1 
(1956-1970) and P2 reflect the appearance of a new species in the Netherlands (e.g. 
Conocephalus discolor, Kleukers et al. 1996). Between P2 and P3, increases at 
country level were still detected, suggesting that further species arrived (e.g. 
Sphingonotus caerulans, Grutters et al. 2010).
 An overall positive trend of species richness at a certain scale due to new arrivals, 
does not rule out the possibility that at the same time (local) abundances of individual 
species at the same or lower scale levels have gone down. Indeed, while we detected 
increases in richness between P1 and P2 several species are known to have reduced 
their local abundances (Kleukers et al. 2004). Also increases in finer scale richness 
due to expansion of a few species might buffer declines in richness due to local 
extinctions of other species. Assessing whether species assemblages are becoming 
more homogenized in space would shed light on whether this indeed is occurring.
Influence of food type and food specificity traits 
Species responses may depend on their traits. Therefore, we explored the possible 
mechanisms by comparing responses of groups with contrasting traits.
 Contrary to our expectations (hypothesis 2), herbivores were not significantly 
more impacted than non-herbivores. However, we did find a negative trend (although 
non significant) between species richness change among herbivorous Orthoptera 
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and plant species richness change at higher levels of NHx deposition, whereas such 
relation could not be detected for the group of non-herbivores (carni- and omnivores; 
fig. 5a). The fact that the diversity of herbivorous Orthoptera under high levels of NHx 
deposition is going down in 10km grid cells where plant diversity is increasing, is an 
indication that indeed also food quality changes in relation to changing internal C:N 
ratios of plants due to elevated nitrogen depositions might play a role.
 Grass specialists compared to generalists do show a lower species diversity 
change at some of the levels of scale between P2 and P3 (during which the nitrogen 
overload was decreasing). This result is in line with hypothesis 3 that specialists 
compared to generalists would be less impacted by changes in nitrogen deposition. 
However, we also found a (non significant) negative trend between species richness 
change among specialists and plant species richness change at higher levels of NHx 
deposition, whereas such relation could not be detected for the group of generalists. 
This indicates that it is the group of specialist that is more impacted by higher NHx 
deposition levels. Plant species diversity increased between P2 and P3, even so in 
those grid cells with the highest deposition levels (fig. 5b, NHx = 2000), whereas 
under high deposition conditions the (grass specialist) herbivore Orthoptera seem 
not to profit from improving environmental conditions between P2 and P3, which is in 
contrast to hypothesis 3. The fuzzy results for the food specialisation traits may be 
related to the actual nature of the groups. ‘Specialist’ in this study is synonym to 
‘specialist herbivore’. In the case of the Dutch Orthoptera species this does not mean 
that we are talking about highly specific co-evolved plant-host relationships, but 
rather a preference of these species for grasses and sedges (or in two species: 
mosses and algae). Furthermore the results with respect to the food traits are 
potentially phylogenetically constrained. Both the group of food specialists and 
group of herbivores are namely overrepresented by species from two genera 
(Chorthippus and Tetrix). Therefore, we cannot exclude the possibility that another, 
not yet analyzed, trait that the members of this group share might be responsible for 
the observed trends.
Influence of non-food related traits
While food related traits do not clearly explain the species diversity changes, non-food 
related traits significantly explained part of the variation for Orthoptera community 
trends.
 The significantly higher species diversity increase among species with narrow 
habitat preferences, high dispersal capacity or two year development rate at the 80 
km and/or whole country scale, is likely related with the arrival of a new species (e.g. 
S. caerulans) in the study area.
 Furthermore, the spatially explicit analyses at the 10 km scale level showed a 
significantly negative effect of NHx among Orthoptera species with wide habitat 
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range (table 2b), which is not present among the narrow habitat species. This may be 
interpreted as habitat quality (in this case nitrogen deposition) being of secondary 
importance to the overall availability of suitable habitats (for habitat specialists). The 
fact that the significant negative effect of NHx is only found within the group of species 
with low dispersal ability and not among Orthoptera with high dispersal capacity 
(table 2b) may be explained by the higher ability of the latter species to escape 
non-favourable local conditions. The fourth hypothesis, a wide habitat range and 
limited dispersal ability to show a stronger relationship with changes in nitrogen 
deposition than habitat specialists, thus was confirmed.
 The positive relationship between the species richness change among 
Orthoptera with a two year development rate and plant species richness change may 
be an indication of the higher dependency of these Orthoptera species on the 
availability of good quality habitat in order for the nymphs to survive an extra year of 
development before being able to migrate as adults. 
 The results on egg deposition (in plants versus in the soil) provide further clues 
to unravel the effects of nitrogen deposition upon Orthoptera species richness 
change. The higher increase of species richness between P2 and P3 among 
Orthoptera species that deposit their eggs in plants (at different scale levels) and the 
significantly negative effect of NHx on the subgroup of Orthoptera species that 
deposit their eggs in the soil (table 2b), both point in the direction of a vegetation 
structure link between nitrogen deposition and Orthoptera species richness. 
Hypothesis 5 (that high nitrogen deposition leads to a more dense vegetation that is 
also be less suitable to soil laying Orthoptera species because of the less favourable 
microclimate), is thus confirmed.
Concluding remarks
Notwithstanding the necessity of further steps and refinements, we can conclude 
that the application of species richness change analysis to this group of species 
provides an interesting additional tool for answering ecological questions regarding 
the impact of nutrient availability on plant herbivore interactions. Ammonia deposition 
indeed does not only affect plant communities but also propagates to higher trophic 
levels. 
 The negative effect of nitrogen on Orthoptera could even be demonstrated 
during times of decreasing nitrogen levels (after 1990). This suggests that nitrogen 
deposition levels in the Netherlands in the period 1996-2010 were still exceeding the 
critical deposition levels (Bobbink et al. 2011) for many natural and semi-natural 
ecosystems. However it is also possible that there is a time-lag in the response of 
Orthoptera community, the negative effects of past time periods where nitrogen 
deposition was higher only translating into changes in species richness in the period 
1996-2010.
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 The observed patterns of species richness change could, to a large extent, be 
explained by traits of the Orthoptera species. The lack of significant effect of plant 
richness on Orthoptera change does not overrule the possibility that this group of 
herbivores is affected by subtle changes in plant abundance and plant quality. But 
overall habitat specificity, dispersal capacity and the location of egg deposition had 
a stronger influence than food related traits, negative effects of nitrogen being only 
evident in certain trait groups. Life history traits are therefore essential to fully evaluate 
the negative effects of nitrogen deposition.
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Supporting information
Table S1 Number of grid cells resulting from applying the criteria in case of ten-year periods. 
As an alternative to the fifteen-year periods, also ten-year periods were examined to explore the 
possible trade off between the criteria (see text of methods section) used. Limiting the 
fifteen-year periods by removing the five earliest years decreases the chance of meeting 
criterion a) but increases the chance of meeting criterion c). The ten year-periods produced a 
lower number of grid cells compared to the fifteen year periods.
Pre-period/
Post-period (#records) 
Grid scale 
(Total nr. of cells)
1 * 1 
(46700)
10*10 
(467)
20*20 
(108)
40*40 
(25)
80*80 
(6)
Orthoptera Ten year periods 
1961-1970/1981-1990 (2833/17568) - 12 17 13 5
1981-1990/2001-2010 (17568/151616) 32 104 51 23 6
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Chapter 7
Table S3  Number of grid cells resulting from applying the criteria to the trait-based subsets 
of Orthoptera species. See text of methods section for a description of the criteria (a-c). The 
trait-based subsets of Orthoptera species logically produced lower numbers of grid cells 
compared to the full set of Orthoptera species (Table 1).
Pre-period/Post-period (trait)
Grid scale 
(Total nr. of cells)
1 * 1 
(46700)
10*10 
(467)
20*20 
(108)
40*40 
(25)
80*80 
(6)
Food type
1956-1970/1976-1990 (carnivore or omnivore) - 3 7 7 4
1956-1970/1976-1990 (herbivore in all life stages) - 11 15 12 6
1976-1990/1996-2010 (carnivore or omnivore) 2 30 35 16 6
1976-1990/1996-2010 (herbivore in all life stages) 21 85 52 24 6
Food specificity 
1956-1970/1976-1990 (generalist) - 3 7 6 5
1956-1970/1976-1990 (specialist) - 11 15 11 6
1976-1990/1996-2010 (generalist) 3 32 32 14 6
1976-1990/1996-2010 (specialist) 20 88 56 24 6
Habitat specificity
1956-1970/1976-1990 (narrow) - 7 11 9 5
1956-1970/1976-1990 (wide) - 8 8 8 6
1976-1990/1996-2010 (narrow) 12 60 45 21 6
1976-1990/1996-2010 (wide) 10 65 46 25 6
Dispersal capacity
1956-1970/1976-1990 (limited) - 8 12 10 5
1956-1970/1976-1990 (high) - 4 8 9 6
1976-1990/1996-2010 (limited) 11 43 42 21 6
1976-1990/1996-2010 (high) 11 72 48 25 6
Development rate
1956-1970/1976-1990 (one year) - 15 17 14 6
1956-1970/1976-1990 (two years) - - 1 5 2
1976-1990/1996-2010 (one year) 30 97 50 24 6
1976-1990/1996-2010 (two years) - 11 17 10 5
Egg deposition
1956-1970/1976-1990 (in soil) - 13 18 15 6
1956-1970/1976-1990 (in plants) - 1 1 3 4
1976-1990/1996-2010 (in soil) 26 106 55 23 6
1976-1990/1996-2010 (in plants) 1 9 13 14 6
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Synthesis
Resource availability and plant-herbivore interactions
Context dependent defence of plants against herbivores
What has been proven with respect to the original hypothesis? It was assumed that 
changes in resource availability would affect plant-herbivore interactions and that this 
effect would be different depending on the original resource status of the habitat in 
which these changes take place. More specifically the ‘Context Dependent Defence’ 
(CDD) hypothesis was formulated. The CDD states that species from naturally 
resource-poor environments will show reduced defence levels under more 
resource-rich conditions. Indeed, the experimental tests of the CDD presented in this 
thesis (chapters 2, 3 and 5) demonstrate that this can be the case in both terrestrial 
and aquatic systems. In the feeding preference experiments described in chapter 2, 
the nutrient availability was kept at a relatively high uniform level. This meant that for 
some of the plant species used, the experimental nutrient level was at an unnaturally 
high level. Although this aspect of the experimental design was unintended, it 
revealed the effect that plants adapted to nurient-poor sites that are well defended in 
their natural habitat lost their C-based defences. At the same time these plants 
showed an elevated growth rate. This led to the conclusion that the loss of C-based 
defences may be due to the shift in carbon/nutrient balance when these plants were 
placed under high nutrient conditions. This effect was weaker in plant species 
originating from richer habitats, which caused a negative relationship between 
herbivore preference and juvenile growth rate. 
 Since the CDD is related to a shift in the internal C:N balance of the plants, in the 
other two feeding prefence studies both the carbon as well as the nitrogen availability 
were varied. In chapter 3 this was done by applying two different nitrogen treatments 
and two different light levels to a set of twelve terrestrial plant species. The light 
regime was created by shading the plants. In contrast to manipulating carbon 
availability for terrestrial plants via the light availability, in chapter 5, carbon 
concentration in the water was directly varied in a bioassay involving the aquatic 
macrophyte Myriophyllum spicatum. The aquatic system proved not only to be a 
more practical way of varying carbon availability, also the results were different. In the 
terrestrial experiment, the CDD was confirmed for nitrogen availability but not for 
carbon. Direct manipulation of carbon availability in the aquatic environment in 
chapter 5 on the other hand indeed did affect the feeding behaviour of Orconectes 
limosus (American crayfish): the relative consumption of plant material grown at the 
low carbon level was higher compared to the high carbon level.
 Based on the results from the terrestrial plant species bioassay in chapter 3, it 
was concluded that the CDD could be formulated more precisely and should refer to 
species from nurient-poor rather than resource-poor conditions. The main, and novel, 
conclusion of the experiment was, however, that each plant species is best defended 
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when grown under conditions most resembling its natural growing conditions, both in 
aquatic as well as in terrestrial environments.
Testing the relationship between resource availability and plant-
herbivore interactions
As indicated in the first paragraph, multiple choice assays or feeding preference 
tests, in which different types of plant material are offered to herbivores, were an 
important method used for this thesis. The amount of leaf tissue removed by a 
generalist herbivore directly influences the fitness of a plant. Bioassay results are 
considered to be a better indication of a plant’s total defensive investment than 
inferences made from measuring one or two possibly active chemical components 
(Hamilton et al., 2001). In the experiments described in chapter 2, three different 
generalist herbivores were used to see if their preferences would be as similar as 
expected. This indeed proved to be the case, thus supporting the validity of the 
bioassay approach. As a consequence, in the next experiments testing the CDD 
hypothesis (chapter 3), only one of the herbivores was used: Spodoptera exigua. 
When turning the attention to the aquatic environment (chapter 5), again two different 
herbivores were compared. Although these herbivores, Orconectes limosus and 
Lymnaea stagnalis also both are known to be generalists, there appeared to be a 
difference in their preferences. Relative consumption by L. stagnalis was not impacted 
by the treatments, whereas the results of O. limosus were in line with the predicted 
impact of carbon supply. This difference could be attributed to a specific aspect of 
the feeding behaviour of Lymnaea stagnalis: its bulk feeding behaviour.
In the choice experiments in chapter 3, two different approaches were explored: 1) 
presenting the herbivores with the twelve different plant species, each grown under 
similar environmental conditions, and 2) presenting the material of four differently 
treated plants of each species (and doing so separately for all twelve species). Eight 
of the 12 plant species showed significant effects of treatment upon herbivore 
preferences in the ‘treatment comparison bioassays’. In the ‘plant species comparison 
bioassays’ only three plant species showed significant effects. Thus, the enforced 
choice between treatments in this set of bioassays delivered more information about 
the effect of habitat conditions upon plant palatability. This illustrates the point made 
by Weber & Agrawal (2012) that a combination of comparative studies and more 
detailed single species experiments is the most productive way to move forward in 
the field of plant-herbivore interactions.
The relevance of correcting for the phylogenetic relationships between the species in 
a comparative study was clearly confirmed in the study described in the second 
chapter of this thesis. It was only after the phylogenetical correction that the negative 
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relationship between juvenile relative growth rate and plant palatability that lead to 
the formulation of the CDD hypothesis, was noted. Applying the method of ‘phyloge-
netically independent contrasts’ considerably changed the outcome of the bioassays, 
thus stressing the importance of including phylogenetic information in tests of optimal 
defence theories.
Plant tissue chemistry
In theory, measuring the plants’ full chemical content would be most informative with 
respect to its level of anti-herbivore defence. However it is hardly feasible to actually 
do so. Not only would it be very hard to determine the levels of all possible (secondary) 
compounds playing a role but also the interpretation of such results will be difficult 
due to the dynamic aspects of biosynthetic pathways involved.
 Although bioassays are an effective and biologically sound alternative to the 
impractical and often impossible measurement of all plant defensive compounds, 
proper testing of hypotheses on plants’ resource allocation to growth vs. defenses in 
relation to nutrient availability will require at least some chemical measurements. 
 Tannins and lignins may be of great important for resistance to herbivorous 
insect larvae (Choi et al., 2002). Therefore, lignin content of the plant species used in 
the first multiple choice assay (chapter 2), tannin content of the plants in the second 
bioassay (chapter 3) as well as the total phenolic content of Myriophyllum spicatum 
(chapter 5) were measured. The lignin content appeared to be negatively correlated 
to herbivore preference, as expected, but this relationship was strongly determined 
by the phylogenetic relationships among the plant species used; The relation lost its 
significance after phylogenetic correction.  
 No significant effect of tannin content or total phenolics on the herbivore 
preference in the other two studies was found. On the other hand, in the tests involving 
the aquatic macrophyte M. spicatum, the palatability does correspond to the 
observed differences in dry matter content. Dry matter content, being an integrative 
expression of underlying chemical traits such as lignin and tannin, apparently 
correlates better with palatability than the individual underlying chemical components.
Plant tissue chemistry also is the main focus of chapter 4. It describes the effects of 
nitrate overload on Juncus acutiflorus in a Dutch rich-fen and in a series of laboratory 
experiments. Patches of several square metres of the J. acutiflorus stands on that 
location showed severe chlorosis which was caused by iron deficiency. It was 
demonstrated that increased nitrate assimilation due to the very high nitrate levels in 
the ground water at the specific location lead to an increased apoplastic pH and to a 
concomitant immobilisation of iron and/or lower iron (III) reduction.
 Parallel to these findings, a relationship between C:N ratio of the plants and free 
amino acid accumulation was noted. This relation appeared to be a separate effect 
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of the very high nitrate levels at the chlorotic pathches. Free amino acids are also 
known to accumulate in plants because of low carbon supply. 
In chapter 5 free amino acids were also measured as a proxy for C:N ratio in M. 
spicatum. We expected material from M. spicatum plants with high levels of free 
amino acids to be preferred by the herbivores O. limosus and L. stagnalis. We however 
found no support for this expectation. This may be related to the lack of contrast 
among the different treatments in the actual free amino acid levels itself. 
Altered plant-herbivore interactions related to human induced 
changes in carbon and nitrogen availability 
Why is it relevant to know more about the effects of altering resource availability on 
plant-insect herbivore relations? It is becoming increasingly clear that both C and N 
availability for plant growth is constantly increasing due to global increases in CO2 
emissions and eutrophication. Especially in a densely populated country like the 
Netherlands with one of the highest a per capita agricultural productivity these effects 
will become most evident. Excess availability of nitrogen will be of influence on the 
local aboveground persistence of vascular plants (Ozinga et al. 2007). Changes in 
the distribution of plant species over the last five decades were primarily related to the 
distribution of nutrient availability (Tamis et al. 2005). These effects are due to the 
effects of nitrogen availability on the competitive ability for light and nutrients of the 
different plant species. Changes in plant species composition and in the concomitant 
shifts in dominance relations add on to the effects of changes in plant chemistry. 
These latter changes in turn directly impact on the relation between plants and insect 
herbivore for which the CDD hypothesis predicts altered preferences of herbivores 
due to nutrient overload. Based on the conclusions of chapters 2, 3 and 5 of this 
thesis, the latter effect is much more relevant than has been acknowledged so far.
Eco-informatics
New digital data analysis techniques of large data-bases, provide very interesting 
new options for the analysis of large-scale changes in ecological patterns. Moreover, 
they provide the possibility to combine this pattern information with the detailed 
experimental analysis of the process of interaction between plants and their insect 
herbivores. This was tested in chapters 6 and 7 of this thesis. In chapter 6 it was 
examined whether high atmospheric nitrogen deposition affects aboveground 
persistence of vascular plants. We combined information on local aboveground 
persistence of vascular plants in 245 permanent plots in the Netherlands with 
estimated level of nitrogen deposition at the time of recording. In line with the CDD 
hypothesis, we expected a link between nitrogen deposition and loss of plant species 
due to intensified herbivory, or other forms of tissue loss, that would lead to diminishing 
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local aboveground persistence. Since no data on herbivores were included, this 
approach merely is an indirect evaluation of the CDD hypothesis because the 
differences in aboveground persistence may also be determined by a direct shift in 
the outcome of the plants competition for space and light (Lehman and Tilman, 1997) 
instead of changes in plant herbivore interactions (see also van den Berg et al., 2010). 
A loss of aboveground persistence due to nitrogen overload as predicted by the two 
competing hypotheses, however, could not be detected. In contrast, a positive 
relation between aboveground persistence of plants and high levels of NHx deposition 
was found. This unexpected pattern was thought to be the result of a lower success 
rate of seedlings of nitrophobous species to establish in the vegetation caused by the 
competitive advantage of nitrophilous species, thus leading to a lower species 
diversity. Since the nitrophilous species that remain are naturally having a longer life 
span and concomitant aboveground persistence, this leads to the positive relation 
mentioned above.
In chapter 7, a more rigorous test of the performance of herbivores in relation to plants 
and nitrogen was initiated. It was designed to test the expectation from the CDD that 
nitrogen deposition affects not only plants but also herbivore communities through
time. The method was based on species richness change analysis techniques that 
are developed by Keil et al. (2010) and that are optimally designed to analyse specific 
groups of taxonomically related species. In the literature at least two taxa are reported 
to be particularly susceptible to the C:N ratio of their food and therefore potentially 
useful to test the CDD hypothesis: Aphidoidea (aphids; Himanen et al., 2008; Sun et 
al., 2009) and Orthoptera (grasshoppers and crickets; Athey & Connor, 1989; 
Takafumi et al., 2010). I chose to study the Orthoptera as there were insufficient data 
on aphid abundance in the Dutch insect databanks. 
 Changes in Orthoptera species richness over time between periods with different 
levels of nitrogen deposition could be demonstrated and these changes were 
influenced by the spatial scale of the analyses. The Orthoptera species richness 
changes were affected by both plant species richness and nitrogen deposition 
values. The observed patterns, however, could not be related to food type and food 
specificity traits of the Orthoptera species. In a comparison of Orthoptera species 
richness between the time period with the highest nitrogen depositions and time 
period of reduced depositions, herbivorous Orthoptera and carni- and omnivores 
responded in the same way to these effects: species richness change in both groups 
was not related to nitrogen. The responses of food specialists did not significantly 
differ from generalists. 
 While food related traits did not clearly explain the species diversity changes, a 
more detailed analysis of non-food related traits significantly explained part of the 
variation for Orthoptera community trends in relation to nitrogen deposition values. 
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Habitat specificity, dispersal capacity and the location of egg deposition were found 
to be related to changes in species richness. Spatially explicit analyses at the 10 km 
scale level showed a negative effect of nitrogen among Orthoptera species with wide 
habitat range that was not present among the narrow habitat species. This may be 
interpreted as habitat quality (in this case nitrogen deposition) being of secondary 
importance to the overall availability of suitable habitats (for habitat specialists). A 
significant negative effect of nitrogen was found within the group of species with low 
dispersal ability and not among Orthoptera with high dispersal capacity. This may be 
explained by the higher ability of the latter species to escape non-favourable local 
conditions. The results with respect to the effect of the location of egg deposition may 
also be linked to nitrogen deposition. The differences between the Orthoptera that lay 
their eggs in plants versus those that oviposit in the soil, provide further clues to 
unravel the effects of nitrogen deposition upon Orthoptera species richness change. 
There was a significantly negative effect of nitrogen on the subgroup of Orthoptera 
species that deposit their eggs in the soil. This points in the direction of a vegetation 
structure link between nitrogen deposition and Orthoptera species richness. High 
nitrogen deposition leads to a more dense vegetation that also may be less suitable 
to soil laying Orthoptera species because of the less favourable microclimate (lower 
soil temperatures).
Although both eco-informatics studies did not provide support for the CDD 
hypothesis, but also did not falsify it), the analyses in chapter 7 clearly demonstrated 
that elevated nitrogen levels not only affects plant species diversity, but also 
propagates to higher trophic levels.
 A spatially and temporally explicit nitrogen deposition dataset for the Netherlands 
which covers the same period as we did here and which has a sufficiently fine enough 
grid is expected to become available soon. So as a next step it will be interesting to 
repeat the analysis of the 10 by 10 km grid patterns of change in Orthoptera and plant 
species richness, but then with respect to the actual changes in nitrogen deposition 
levels between the time periods in the same grid scale. Also additionally dividing the 
plant species in trait based groups may add to the explanatory power of the approach 
described in this paper. Plants from naturally nurient-poor conditions are expected to 
be more vulnerable to herbivore damage under conditions of nitrogen overload 
(Hendriks et al. 2009). 
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Implications for environmental policy and 
ecological restoration 
The results described in this thesis are an indication that it would be wise to pay more 
attention to the influence of changes in environmental quality upon plant-herbivore 
interaction in research, land management and environmental policy. In order to do so 
effectively, high quality data sets and a shift in ecological restoration practises are 
needed.
Effective management of biodiversity and natural areas depends 
on good data
As shown in chapters six and seven of this thesis, the growth in computational 
capacity and data analysis techniques have greatly enhanced our understanding of 
ecological relationships over the last decades. Especially in the last two decades the 
amount of records has increased enormously (fig. 1). This development is a welcome 
extension of the ecologist’s toolbox, since results at such scale of integration are 
more useful to develop a more general, cost-effective restoration policy. Still, data 
availability remains a serious point of attention. Chapter 7 of this thesis would not 
have been possible without the large dataset compiled in the Dutch National 
Database on Flora and Fauna.
Figure 1  Number of Orthoptera records in the Dutch National Database on Flora and Fauna.
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The scientific discipline of ecology and it’s application in biodiversity policy and 
ecological restoration will greatly benefit from further development towards open 
data sources (Reichman et al. 2011). Data availability, however, not only depends on 
technical developments (for data exchange and storage) but is also closely related to 
the effective cooperation of individuals and institutions. A strategic approach is 
needed to overcome the psychological and behavioural barriers to the sharing of 
biodiversity data (Conservation Commons, 2012). On the one hand, there is the need 
of a technology driven process supported by data standards for better interoperabil-
ity of databases (GBIF, 2012) and the use of ontologies in the context of the Semantic 
Web (Williams et al. 2006). On the other hand, it is also an organisational challenge 
in which the establishment and maintenance of ‘knowledge brokers’ (Conservation 
Commons, 2012) is critical. In the Netherlands there are different examples of such 
knowledge brokers (NLBIF, National Authority for Data concerning Nature and several 
NGO’s involved in supporting the large group of volunteers that gather data as citizen 
scientists). Securing sufficient means and having an optimal organisation model for 
the maintenance of an efficient and effective data storage and -exchange 
infrastructure, including a sound knowledge broker function is an important challenge. 
The results of chapter 6 and 7 of this thesis illustrate the relevance of such ambition.
Implications for ecological restoration practise
Human activity profoundly alters carbon and nitrogen availability in natural ecosystems 
around the globe. This has led to important changes in the characteristics and 
functioning of ecosystems and a decline in biodiversity also in our country (De Vries 
et al. 2007; van Hinsberg et al. 2008). In the Netherlands, high population density and 
high level of industrialization has led to corresponding environmental challenges and 
loss of natural habitats. On the other hand, this has resulted in ample experience with 
respect to ecological restoration.
 The practise of ecological restoration in the Netherlands is characterised by a 
tradition of developing and applying restoration measures in close combination with 
a specific knowledge management strategy. An important central principle in that 
strategy was the stimulation of cooperation among different stakeholders. This has 
been done via expert teams on different ecosystem types (see box 1).
Ecological restoration in the Netherlands however, was typically based on vegetation 
management. Originally restoration measures such as liming, reinforcing base-rich 
(ground) water, dredging, sod-stripping, grazing, mowing and burning (box 1, chapter 1), 
were designed to primarily help plant species survive a limited period of poor 
environmental quality. Such period was considered inevitable since it was expected 
to take some time before the source-oriented measures for improvement of overall 
environmental quality to become fully effective. What we have seen however, is that 
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the nitrogen deposition has gone down since about 1990, but not as far as the levels 
of 1970, the year that more or less marks the rapid incline of air-borne nitrogen 
deposition due to increased industrial activity, traffic intensity and intensification of 
livestock husbandry (Noordijk, 2007). The result is that today the actual nitrogen 
deposition levels in the Netherlands at many locations still exceed the levels that are 
considered to be the critical upper boundaries for normal ecosystem functioning 
(Critical deposition levels; Bobbink et al., 2011). As chapter 4 of this thesis illustrates, 
exceeding the natural levels of nitrogen availability can have profound impacts on the 
ecosystem. In this case even clearly visible to the naked eye in the form of chlorotic 
patches in the vegetation. Chapter 6 makes clear that under such heavily eutrophied 
conditions, specific management practices aiming for restoration of colonization 
access (e.g. mowing, grazing and sod cutting) are vital.
Box 1
The importance of multi-stakeholder involvement and the value of communities 
of practice Netherlands (adapted from Hendriks et al. 2012)
Multi-stakeholder involvement has been recognized as an important factor for success 
regarding sustainable landscape management (de Haas et al., 1999). Multi-stakeholder 
decision-making helps defining feasible biodiversity goals (Opdam et al., 2006). Integration 
of scientific knowledge with visions, information and solutions proposed by local and 
regional stakeholders also helps to direct the research process and enhances the chances 
of successful implementation of its outcome (Jongman and Padovani, 2006). 
In certain situations a specific learning strategy can be deployed to develop this multi 
stakeholder involvement. A learning strategy obviously is useful if there are large knowledge 
gaps, but also if strong opposite interests occur. In this last case the exchange of knowledge 
can be applied as a first step in order to overcome conflicts between participants. An 
effective organizational form for a learning strategy is the Community of Practice (CoP), 
aiming to share practical experiences, to make implicit knowledge explicit and to generate 
proposals for the application of this shared knowledge. (Wenger, 1998, 2000; Hendriks et al., 
2007; Denning, 2001; Collisson and Parcell, 2004). Some CoP’s comprise of networks that 
mainly deal with circulation of knowledge among homogeneous groups of stakeholders (in 
many cases with only private sector members; Hirai et al., 2007). Other CoP’s, aiming for 
development of new policies have the ambition of knowledge co-creation (Hartley and 
Benington, 2006). 
The multi-actor expert teams that were set up to develop ecological restoration measures in 
the Netherlands are interesting examples of the latter category of Communities of Practice. 
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Over the years, the approach of the Dutch expert teams on ecological restoration, 
have gradually developed from the small scale vegetation type approach towards a 
broader landscape oriented approach, including more attention for plant-animal 
interactions (Winkelman, 2012). Within this broadened perspective the attention paid 
to the fauna, however, is mainly restricted to habitat availability. Chapter 7 provides 
convincing support for the relevance of the availability and distribution of good quality 
habitat including food quality aspects, especially for specialised animal species and 
those with limited dispersal capacity. Chapters 2, 3 and 5, illustrate the relevance of 
taking into account plant-herbivore interactions when designing and applying 
ecological restoration measures to counteract the effects of nitrogen overload. Also 
for the definition of EU wide accepted critical loads (Tamis et al. 2008, Bobbink et al. 
2011), incorporation of knowledge on plant-herbivore interactions and recognition of 
the cascading effects of deposition impacts to higher trophic levels is essential. 
Insects are by far the most important component of biodiversity and quickly to react 
on changes in environmental quality.
Reduction of nitrogen overload has been part of environmental policy at a global 
(Convention on Biological Diversity), regional (EU habitat directive) and national level 
for more than two decades now. Interestingly, in recent years the attention is shifting 
from a mere nature policy focus towards a broader debate which includes health 
issues and economic feasibility (Sutton et al. 2011). Also in this sense is it relevant to 
broaden our perspective from site or species specific nature conservation goals to a 
full landscape and land use point of view. More attention to the tripartite interplay 
between nitrogen, plants and higher trophic levels at a sufficiently high level of spatial 
scales is vital for effective nature conservation and sustainable land use.
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Introduction
Plants, herbivores and resistance strategies
The most direct effect of herbivores on plants is the loss of tissue and the related loss 
of photosynthetic capacity. This is costly since it hampers the potential of the plant to 
grow and reproduce. Plants therefore exhibit a wide array of strategies to reduce the 
detrimental impacts of herbivores. These strategies aim to prevent, reduce, or 
compensate tissue loss. In all cases however, plant resistance to herbivores may also 
come at a cost in terms of total plant performance. Allocation of resources to defence 
structures, defensive chemical compounds or to compensatory growth diverts these 
resources away from investment into reproduction and thus has a potential negative 
fitness effect.
 Many of the different plant defence hypotheses that have been put forward in the 
last decades include trade-offs between costs of defence and benefits of damage 
reduction. However, the costs of defence might be influenced by the level of resources 
(carbon and nitrogen) in the natural habitats to which specific plant species are 
adapted. Thus, resource availability may have an indirect effect on herbivores 
associated with plant species via the resource driven plant species composition, via 
the quality and quantity of plant tissue available for herbivores and the nature and 
level of plant defences.
 A special case of plant herbivore interactions is provided by aquatic macrophytes. 
Aqua tic ma crop hy tes are subjected to more intense herbivory compared to terrestrial 
plants. This is probably related to differences in nutrient content and the inability of 
most aquatic macrophytes to develop spines or woody tissues. This makes them 
more dependent on tolerance or the production of secondary metabolites to resist 
herbivores.
In this thesis, the ecological impacts of carbon and nitrogen availability on plant-her-
bivore interactions are investigated both on the individual and on the community 
level. The herbivores used are all invertebrates and relatively small sized: caterpillars, 
locusts, slugs and crayfish.
Altered plant-herbivore interactions as a consequence of human 
induced changes in carbon and nitrogen availability
Human activity has led to a general and global change in the availability of carbon 
and nitrogen. Elevated levels of CO2 not only lead to higher temperatures, but also 
lead to a directly elevated availability of carbon to plants. Yearly industrial production 
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of reactive nitrogen now equals the total natural nitrogen fixation. The result is a global 
and continuing shift in C and N availability, which impacts vegetation composition 
and ultimately also herbivore communities. It leaves us with a challenge to specifically 
protect and restore those ecosystems that are naturally vulnerable to changes in 
carbon and/or nitrogen supply.
 These changes may also have a severe economic impact. For example 
Watermilfoil (Myriophyllum spicatum, see also chapter 5), is a major, and sometimes 
noxious, invasive species in North America. Changes in its life history due to human 
induced changes in carbon and nitrogen availability have contributed to its success 
and may further add to the huge economic impacts of this invasive species.
 In terrestrial ecosystems environmental stress factors such as nitrogen overload 
are known to affect local aboveground persistence of vascular plants and changes in 
species distribution have been shown to primarily relate to nutrient availability. These 
findings are due to direct effects on the competitiveness for light and nutrients of the 
different plant species. Species that are better capable of coping with, or even 
benefiting from, elevated nitrogen deposition thus outcompete species that are 
adapted to nutrient poor conditions leading to a general decline of species diversity. 
In addition to these direct effects, changes in nutrient availability also impact plant 
species composition indirectly via altering the preferences of herbivores.
 The strong environmental pressure on our natural capital, resulted in a relatively 
early awareness of the necessity of ecological restoration in the Netherlands. Over 
the past decades serious restoration efforts have been undertaken to counteract the 
effects of ecosystem degradation. Initially this had a strong focus on vegetation 
composition and management of habitat quality. However, some seventy percent of 
the species diversity is within the Arthropods. Insect herbivores are an important 
component of Arthropod biodiversity especially when considered from an ecosystem 
perspective. Therefore there is an urgent need to explore the reciprocal functional 
relations between plants and herbivores for an effective conservation of major 
biodiversity relationships.
Context dependent defence of plants against herbivores
If an expected trade-off between plant growth rate and defence depends on the level 
of available resources, it is important to take this into account in developing optimal 
defence hypotheses. When, for example, uniformly resource-rich growing conditions 
are applied in a comparative study involving a range of plant species - including 
some that are adapted to nutrient-poor habitats -, this may lead to spurious results 
when species from naturally nutrient poor conditions are also included. Defence 
levels of these plant species may then be lowered, while the defence levels of plant 
species from naturally resource-rich conditions remain unaffected. 
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 This principle is captured by the ‘context dependent defence’ hypothesis (CDD) 
described in this thesis: defence levels of plant species differ under varying resource 
conditions in a way that is determined by the evolved adaptations to their natural 
resource (carbon and nitrogen) levels.
Testing the relationship between resource availability 
and plant-herbivore interactions
Experimental ecological research
Trade-offs between growth and defence under limiting resource conditions can be 
tested in single-species experiments. Another approach towards quantifying the 
impacts of resource availability is to compare different plant species and study the 
relationships between growth and defence traits. A greater range of allocation 
strategies can thus be compared simultaneously. Single species experiments, 
however, offer more detailed information. A combination of both approaches therefore 
is more effective and applied in this thesis. However, comparing species with respect 
to a specific trait or response has been criticized because phylogenetic rather than 
ecological factors may determine the outcome. When comparing multiple species for 
traits related to plant defence this is likely to be relevant because the occurrence of 
specific secondary compounds among related plant species often overlaps. A 
phylogenetic correction therefore has been applied to the comparative approach. 
Plant tissue chemistry in relation to Carbon and Nitrogen
The relative availability of carbon (C) compared to nitrogen (N) determines to a large 
extent the expected levels of secondary plant compounds with defensive properties 
against herbivores. In that sense, the magnitude of (changes in) the internal C:N ratio 
of plants can serve as a proxy for its defence level but only with caution. This ratio 
also indicates the nutritional value of plant material to herbivores and does not 
represent per se the exact defence chemistry relevant to herbivores. More detail on 
specific compounds would be needed to better understand the relationship between 
plant defence and herbivory. Bioassays then provide an additional instrument to the 
chemical determination of plant defence.
Eco-informatics and the test of ecological theory
If the context dependent defence hypothesis holds true then it can be expected that 
an on-going global trend in increasing C and N availability must have an effect on 
primary productivity and plant species composition with a cascading effect on the 
herbivore community. Such processes on large spatial and temporal scales must 
have an effect on the distribution patterns of herbivore species and changes over 
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time in these patterns. There is a novel tool that can be used to test these assumptions: 
the application of eco-informatics. New digital data analysis techniques of large 
(communally established) databases provide very powerful options for the discovery 
of general patterns and the establishment of relations between these patterns. 
 Eco-informatics can be used to see whether hypotheses derived from field or lab 
experiments also uphold in comparisons using large-scale geographically explicit 
datasets. 
Outline of this thesis
This thesis uses different approaches to test the effects of resource availability on 
plant herbivore interactions, ranging from manipulative laboratory experiments with a 
single or a few species, via field measurements, up to pattern analysis on the 
landscape scale. By combining these approaches it was possible to link patterns on 
different organisational scales.
 The chapters share the common denominator that they all investigate to the 
interactions between plants, herbivores and nitrogen availability.
Results and conclusions
Context dependent defence of plants against herbivores
In the feeding preference experiments described in chapter 2, the nutrient availability 
was kept at a relatively high and uniform level. This meant that for some of the plant 
species used, the experimental nutrient level was at an unnaturally high level. As a 
result, plant species that are adapted to nutrient poor sites lost part of their defences 
and at the same time showed an elevated growth rate. Thus instead of the expected 
trade-off between growth and defence, a positive relation was found.
 In chapter 3 a set of twelve terrestrial plant species were grown under two 
different nitrogen treatments and two different light levels by shading half of the 
plants. For aquatic plants, the carbon concentration in the water was directly varied 
via the chemical composition of the medium (chapter 5). That not only proved to be 
a more practical way of varying carbon availability, but also rendered new insights. 
We could conclude that the CDD is not only relevant for plant species from nutrient 
poor habitats, but that each plant species is best defended when grown under 
nitrogen and carbon conditions most resembling its natural growing conditions. 
Furthermore, the results of the multiple-choice assays or feeding preference tests 
confirmed their usefulness as a research tool. This is certainly the case when a 
combination of comparative research involving choice experiments using multiple 
plant species grown under uniform conditions and choice experiments using a single 
plant species grown under different conditions. Finally it was also demonstrated that 
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it is indeed relevant to correct for the phylogenetic relationships between the species 
in a comparative study.
 The chemical defensive compounds of the plants that were measured appeared 
not to be clearly related to the results of the choice-tests. On the other hand, in the 
tests involving the aquatic macrophyte M. spicatum, the palatability did correspond 
to the observed differences in dry matter content. Dry matter content, being an 
integrative expression of underlying chemical traits such as lignin and tannin content, 
apparently correlates better with palatability than the individual underlying chemical 
components.
 Overall, the ‘Context Dependent Defence’ (CDD) hypothesis was confirmed by 
the experiments for terrestrial as well as aquatic systems.
Eco-informatics
From chapters 6 and 7 of this thesis we conclude that the changes in nitrogen 
deposition are also visible in the distribution of species in space and time and also 
propagate to higher levels in the food chain. This means that not only plants are 
impacted, but also the insects that feed on them.
 Chapter 6 is about the aboveground persistence of vascular plants in plots that 
were followed for many years. We asked ourselves whether the level of nitrogen 
deposition at the time of recording affected this persistence. This indeed turned out 
to be the case. However, no link with intensified herbivory could be demonstrated. In 
contrast we found a negative effect of nitrogen deposition on the establishment 
success of new seedlings of nitrophobic species. This lowers the chance of these 
species to establish in the vegetation, thus leading to a lower species diversity. 
 In the second eco-informatics chapter of this thesis (chapter 7), we tested for 
changes in the species diversity of herbivores in relation to plants and nitrogen. We 
used the order Orthoptera (grasshoppers and crickets) for this, as there is a large 
number of records of these species in the Dutch species observation databank that 
comprises all professional and citizen scientist observations. The area of the 
Netherlands was divided in 10 by 10 km grid cells. For all of these cells we calculated 
the Orthoptera species richness and the plant species richness. Furthermore we 
used information about the nitrogen deposition in each cell. These three factors 
indeed were related. By also including information on a number of traits of the different 
Orthoptera species, we could conclude that these relations are not determined by 
changes in the quality of plants serving as food for the herbivores. This is what we 
expected from the CDD hypothesis. Instead, the effect of extra nitrogen deposition 
could be linked to habitat changes and a reduced reproduction success of those 
species that lay their eggs in the ground. The latter is linked to a more dense 
vegetation due to the extra nutrients. This inhibits the soil to warm up from the sun 
and thus slows down egg hatching. 
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Implications for environmental policy and 
ecological restoration 
The results described in this thesis show the impact of changes in environmental 
quality upon plant-herbivore interaction. Given the fact that insects constitute most of 
our biodiversity and through herbivory play an important regulating role in the 
relationships that determine the ecological food web, this will require an adaptation of 
our nature management and environmental policy practice.
Effective management of biodiversity and natural areas depends on 
good data
An effective eco-informatics approach strongly depends on the availability of 
sufficient good quality data on the distribution of species in space and time such as 
compiled in the Dutch National Database on Flora and Fauna. Over the last 2 
decades, the number of records in this database has increased exponentially. Crucial 
in this respect is a good organisation-model for the exchange and storage of the 
rapidly expanding amount of available data. Effective quality control is vital to this. 
The improved data availability due to the effort of a growing group of volunteers, in 
combination with the growing technical possibilities to adequately analyse them, 
allow for further developments in the field of ecology.
Implications for ecological restoration practice
In the past the practice of ecological restoration in the Netherlands was based on 
vegetation management. Over the years, however, the approach towards ecological 
restoration has gradually evolved from small-scale restoration of a specific vegetation 
towards a more integrated approach involving the landscape scale. This new 
approach focuses on all relevant ecological relationships including plant-animal 
interactions. This thesis underlines the relevance of these interactions. Not only the 
need for sufficient habitat should be recognized, but there should also be extra 
awareness of the effects of environmental change on plant-herbivore interactions.
Reduction of nitrogen overload has been part of environmental policy at a global, 
regional (EU) and national level for more than two decades now. In recent years the 
attention has shifted from a mere biodiversity focus towards a broader economic 
rationale underpinning the need for a reduction of nitrogen levels. By taking into 
account the tripartite interplay between nitrogen, plants and higher trophic levels at a 
sufficiently high spatial scale a more effective nature conservation and a more 
sustainable land use will become possible.
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Inleiding
Strategieën waarmee planten vraat door herbivoren kunnen weerstaan
Wanneer herbivoren oftewel planteneters zich voeden, betekent dat voor de planten 
verlies van weefsel en verlies aan vermogen om energie van de zon vast te kunnen 
leggen. Dit is kostbaar omdat het de kans op een succesvolle groei en voortplanting 
kleiner maakt. Daarom hebben planten een groot aantal strategieën om de negatieve 
invloeden van planteneters te beperken. Zulke strategieën zijn erop gericht om vraat 
te voorkomen, te verminderen of te compenseren. In alle gevallen zit er echter voor 
de plant ook een prijskaartje aan. Voedingsstoffen die worden ingezet voor het 
maken van afweerstoffen of afweerstructuren zoals stekels, of voor het plegen van 
herstelgroei, kunnen immers niet worden gebruikt voor de voortplanting. 
 In de afgelopen decennia zijn in de ecologie diverse hypotheses (voorspellingen) 
geformuleerd met betrekking tot de relaties tussen planten en herbivoren. Veel van 
deze hypotheses voorspellen een uitruil tussen de kosten van afweer tegen herbivoren 
enerzijds en de voordelen die dat oplevert anderzijds. Echter, de kosten van afweer 
kunnen worden beïnvloed door de beschikbaarheid van hulpbronnen (koolstof en 
stikstof) in de natuurlijke habitats van de planten. Daarom kan de beschikbaarheid 
van hulpbronnen een indirect effect hebben op de herbivoren die met bepaalde 
plantensoorten verbonden zijn. Dergelijke verbanden kunnen lopen via een 
veranderende soortensamenstelling van de plantengemeenschap, bijvoorbeeld 
onder invloed van een hogere stikstofbeschikbaarheid. Ook is het denkbaar dat de 
kwaliteit van plantenweefsel als voedsel voor de herbivoren verandert in termen van 
voedingswaarde of hoeveelheid afweerstoffen.
 Een speciale situatie doet zich voor bij de interacties tussen waterplanten en 
herbivoren. 
 Waterplanten, oftewel aquatische planten ondervinden namelijk in vergelijking 
tot landplanten relatief veel vraat door planteneters. Dit heeft waarschijnlijk te maken 
met het feit dat ze over het algemeen voedzamer zijn en minder afweer hebben in de 
vorm van bijvoorbeeld stekels of houtig materiaal. Daarom zijn waterplanten in 
vergelijking tot landplanten meer afhankelijk van chemische afweerstoffen of moeten 
ze de vraat gewoon tolereren door aan snelle hergroei te doen.
Dit proefschrift beschrijft de resultaten van onderzoek naar de effecten van de be-
schikbaarheid van koolstof en stikstof op de interacties tussen planten en herbivoren. 
De relaties tussen planten en hun belagers werden onderzocht op zowel het niveau 
van afzonderlijke soorten als op gemeenschapsniveau. Bij het laatste niveau worden 
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vele soorten tegelijk in ogenschouw genomen. De herbivoren die werden gebruikt 
zijn allemaal ongewerveld en van het kleinere formaat: rupsen, sprinkhanen, slakken 
en rivierkreeften.
Veranderde plant-herbivoor interacties als gevolg van door mensen 
veroorzaakte veranderingen in de beschikbaarheid van koolstof en 
stikstof
Menselijke activiteiten hebben geleid tot een algemene en wereldwijde verhoging 
van de hoeveelheid koolstof (C, van het Engelse ‘Carbon’) en stikstof (N, van het 
Engelse ‘Nitrogen’) in het milieu. Verhoogde CO2 niveaus leiden niet alleen tot hogere 
temperaturen, maar betekenen ook een hogere beschikbaarheid van koolstof voor 
planten. De jaarlijkse industriële productie van stikstof is tegenwoordig gelijk aan de 
hoeveelheid die op natuurlijke wijze uit de atmosfeer wordt vastgelegd. Het resultaat 
is een wereldwijde en voortgaande verandering in de C en N beschikbaarheid. Deze 
verandering is van invloed op de vegetatiesamenstelling en uiteindelijk ook op de 
daarmee verbonden gemeenschappen van herbivoren. Met name voor ecosystemen 
die van nature kwetsbaar zijn voor veranderingen in de beschikbaarheid van 
hulpbronnen betekent dit een uitdaging in de zin van natuurbescherming en 
natuurherstel.
 De veranderingen kunnen ook een grote economische impact hebben. 
Bijvoorbeeld Aarvederkruid (Myriophyllum spicatum), een waterplant die in hoofdstuk 
5 is gebruikt, is een majeure en soms zelfs schadelijke invasieve soort in 
Noord-Amerika. De door mensen veroorzaakte veranderingen in koolstof en stikstof 
niveaus hebben bijgedragen aan het succes van deze soort. Daarmee worden de 
economische kosten van deze invasie verder verhoogd.
 Van terrestrische (land) ecosystemen is bekend dat een overdosis aan stikstof 
de levensduur van hogere planten kan beïnvloeden. Veranderingen in de versprei-
dingspatronen van planten in Nederland sinds de jaren vijftig van de vorige eeuw 
blijken primair te worden veroorzaakt door de toename van de stikstofbeschikbaar-
heid.
 Deze veranderingen zijn in de eerste plaats toe te schrijven aan directe effecten 
van stikstof op de onderlinge concurrentie tussen plantensoorten. Soorten die beter 
zijn aangepast of zelfs kunnen profiteren van de verhoogde stikstofdepositie 
overvleugelen de soorten van arme standplaatsen. Hierdoor vermindert de diversiteit 
aan soorten. In aanvulling op deze directe effecten, kan een overdaad aan nutriënten 
ook nog een indirecte invloed hebben via de veranderende voorkeuren van 
herbivoren.
 De grote druk op ons natuurlijke kapitaal resulteerde in Nederland in een relatief 
vroegtijdig bewustzijn van de noodzaak van natuurherstelprojecten. In de afgelopen 
decennia is er een serieuze herstelinspanning geleverd. Aanvankelijk lag de nadruk 
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hierbij op de vegetatiesamenstelling en het verbeteren van habitatkwaliteit. Echter 
een heel belangrijk deel van de soortendiversiteit vinden we onder de ongewervelde 
dieren. Insecten zijn daar weer een belangrijke component van, zeker ook in de zin 
van de diensten die deze natuurlijke diversiteit aan de mens kan leveren. Met name 
ook om die reden is het van groot belang om de relaties tussen planten en hun 
herbivoren beter te leren kennen. Op die manier kunnen we de belangrijke functies 
van de natuurlijke biodiversiteit beter behouden. 
Contextafhankelijkheid van de afweer van planten tegen herbivoren 
Omdat de ‘beslissing’ van een plant om te groeien of zich te verdedigen mede 
afhangt van de beschikbare hoeveelheid aan voedingsstoffen, is het belangrijk om 
daar rekening mee te houden bij het opstellen van hypothesen over de optimale 
afweer van planten. Ook bij het uitvoeren van proeven om de afweer van planten vast 
te stellen, zijn de groeiomstandigheden van de planten relevant. Als men bijvoorbeeld 
een ruime bemesting toepast in een vraatkeuze experiment waarbij verschillende 
plantensoorten worden aangeboden aan een herbivoor, kan dat de resultaten 
beïnvloeden als er onder deze planten ook soorten zijn die gewend zijn aan arme 
standplaatsen. De verdediging van deze soorten kan dan lager uitpakken dan onder 
natuurlijke omstandigheden, terwijl de afweer van de soorten van rijke standplaatsen 
ongewijzigd blijft.
 Dit principe ligt ten grondslag aan de hoofdvoorspelling in dit proefschrift: ‘de 
afweerniveaus van plantensoorten verschillen onder variërende omstandigheden, op 
een manier die wordt bepaald door de manier waarop ze zijn aangepast aan de mate 
van koolstof- en stikstofbeschikbaarheid in hun natuurlijke groeiomstandigheden’. 
Deze hypothese is de ‘Context dependent defense’ hypothese (CDD) genoemd.
 
Het testen van de relaties tussen beschikbaarheid van 
hulpbronnen en plant-herbivoor interacties
Experimenteel ecologisch onderzoek
De uitruil tussen groei en afweer onder koolstof- of stikstofarme groeiomstandighe-
den, kan experimenteel worden onderzocht aan individuele soorten. Daarnaast is er 
de mogelijkheid om verschillende soorten met elkaar te vergelijken en dan de relatie 
tussen groei- en afweereigenschappen te bestuderen. Daarmee kan een groter 
aantal strategieën gelijktijdig worden vergeleken. Experimenteel onderzoek met 
individuele soorten biedt echter meer detailinformatie. Een combinatie van beide 
benaderingen is daarom meer effectief en in dit proefschrift toegepast. Echter, het 
vergelijken van soorten met betrekking tot een bepaalde eigenschap of reactie heeft 
als nadeel dat de mate van verwantschap tussen de soorten mede de uitkomst kan 
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bepalen. Immers, wanneer je in een onderzoek een reeks van soorten gebruikt 
waaronder zich een subgroep van sterk verwante soorten bevindt, dan bestaat de 
kans dat in die subgroep twee factoren samenkomen zonder dat ze in functionele zin 
iets met elkaar te maken hebben. In plaats daarvan kunnen beide factoren in de loop 
van de evolutie gewoonweg parallel zijn ontstaan. In het geval van onderzoek naar 
afweer bij planten kan dit aspect zeker ook van belang zijn omdat de patronen van 
aanwezige afweerstoffen bij verwante plantensoorten veelal sterk overeenkomen. 
Daarom is een fylogenetische correctie toegepast bij de vergelijkende benadering.
De chemische samenstelling van planten in relatie tot koolstof en 
stikstof
De relatieve beschikbaarheid van koolstof (C) in vergelijking tot stikstof (N) bepaalt in 
grote mate de hoeveelheid aan chemische afweerstoffen die we in een plant kunnen 
verwachten. In die zin kan het bepalen van de interne C:N verhouding van een plant 
ook een indirecte maat voor het afweerniveau zijn. Aan de andere kant is de C:N 
verhouding ook een indicatie voor de voedingswaarde voor de herbivoren en wijst 
dan in de tegenovergestelde richting. 
 Meer detailkennis van de specifieke inhoudsstoffen van een plant zou nuttig zijn 
om de exacte relatie tussen de afweer door planten en de mate van vraat te begrijpen. 
Een aanvulling op het chemisch bepalen van de afweer van planten, is het uitvoeren 
van keuzetesten.
Eco-informatica en het testen van ecologische theorieën
Als de contextafhankelijke afweer hypothese blijkt te kloppen, dan kunnen we 
verwachten dat de voortgaande mondiale trend van toenemende koolstof en stikstof-
beschikbaarheid niet alleen van invloed is op de plantengroei, maar ook op de ermee 
verbonden gemeenschap van herbivoren. Dergelijke grootschalige milieuprocessen 
moeten dan ook een effect hebben op de verspreidingspatronen van de planten- en 
diersoorten en op de manier waarop deze verspreidingspatronen in de loop van de 
tijd veranderen.
 Er is een relatief nieuw instrument waarmee we dergelijke verwachtingen kunnen 
toetsen: de toepassing van eco-informatica. Nieuwe technieken waarmee we grote 
(gemeenschappelijk tot stand gebrachte) digitale databestanden kunnen analyseren, 
zijn erg krachtig. Ze bieden nieuwe mogelijkheden om algemene patronen te 
ontdekken, en om relaties tussen verschillende patronen vast te stellen. Eco-informa-
tica kan ook worden gebruikt om te zien of voorspellingen die volgen uit de resultaten 
van experimenten ook standhouden in vergelijkingen op basis van grootschalige en 
ruimtelijk expliciete databestanden. 
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De onderdelen van dit proefschrift
In dit proefschrift zijn diverse benaderingen gebruikt om de voorspelde effecten van 
de beschikbaarheid aan hulpbronnen op plant-herbivoor relaties te onderzoeken. 
Door deze verschillende benaderingen te combineren, was het mogelijk om de 
patronen op verschillende schaalniveaus (van keuzetest in het lab tot vlakdekkende 
analyse van het gehele Nederlandse landoppervlak) met elkaar te verbinden.
 Alle hoofdstukken gaan over de interacties tussen planten, herbivoren en stik-
stofbeschikbaarheid.
Uitkomsten en conclusies
Contextafhankelijke afweer van planten tegen herbivoren
Bij de keuze-experimenten in hoofdstuk 2 betekende het uniforme hoge nutriënten-
niveau voor een deel van de plantensoorten een zodanige verhoging ten opzichte 
van het natuurlijke niveau, dat de afweer lager werd en gelijktijdig dat de groeisnelheid 
van de planten omhoog ging. Daardoor werd er in plaats van de verwachtte uitruil 
tussen groei en afweer juist een positief verband tussen groei en afweer gevonden.
 In hoofdstuk 3 werden verschillende plantensoorten gekweekt onder twee 
verschillende niveaus van stikstof en werd het koolstofniveau indirect gemanipuleerd 
door de planten meer of minder licht te geven. Voor dat laatste bouwden we een kooi 
van schaduwdoek. In de waterplanten van het onderzoek in hoofdstuk 5, werd de 
koolstof juist direct gemanipuleerd via de samenstelling van de stoffen in het water 
waarin we ze kweekten. Dat bleek niet alleen heel praktisch, maar het leverde ook 
weer nieuwe inzichten op. 
 Er kon namelijk worden geconcludeerd dat de CDD niet slechts relevant is voor 
plantensoorten van nutrient arme standplaatsen, maar dat alle soorten het best 
verdedigd zijn als ze worden gekweekt onder stikstof en koolstof condities die het 
meest overeenkomen met hun natuurlijke omstandigheden. Daarnaast vormen de 
uitgevoerde keuzetesten een bevestiging van de bruikbaarheid ervan als onder-
zoeksgereedschap. Dit is zeker het geval als keuzetesten met gebruik van meerdere 
plantensoorten gekweekt onder uniforme omstandigheden worden gecombineerd 
met keuzetesten op basis van materiaal van individuele soorten dat is gekweekt 
onder verschillende omstandigheden. Tenslotte werd aangetoond dat het bij soort-
vergelijkend onderzoek inderdaad relevant is om rekening te houden met de mate 
van onderlinge verwantschap.
 De afweerstoffen die werden gemeten, bleken geen duidelijke relatie te hebben 
met de resultaten van de keuze-experimenten. De totale hoeveelheid droge stof, 
oftewel de hoeveelheid materiaal in plantenweefsel als je het vocht laat verdampen, 
bleek bij de waterplant Aarvederkruid echter wel overeen te stemmen met de 
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eetbaarheid. Blijkbaar is dit een meer geïntegreerde maat voor plantenafweer dan 
individuele chemische stoffen.
 Concluderend kunnen we constateren dat de ‘Context dependent defence’ 
hypothese (CDD) in de experimenten werd bevestigd voor zowel terrestrische als 
aquatische omstandigheden. 
Eco-informatica
Op basis van hoofdstukken 6 en 7 van dit proefschrift concluderen we dat de 
veranderingen in stikstof depositie ook zichtbaar zijn in de verspreiding van soorten 
in ruimte en tijd en doorwerken naar hogere niveaus in de voedselketen. Dat laatste 
houdt in dat niet alleen planten door bijvoorbeeld een overdaad aan stikstof worden 
beïnvloed, maar ook de insecten die van deze planten afhankelijk zijn.
 In hoofdstuk 6 draait het om de aanwezigheid van planten in proefvlakken waar 
de vegetatie steeds langjarig werd gevolgd. De vraag was of de langjarige 
aanwezigheid van verschillende plantensoorten wordt beïnvloed door de mate van 
stikstofdepositie. Dit bleek inderdaad het geval. De veronderstelde relatie met een 
veranderende intensiteit van vraat kon echter niet worden aangetoond. Wel bleek er 
een invloed van atmosferische stikstofneerslag op de mogelijkheden voor 
plantensoorten om zich in de proefvlakken te vestigen. Daarbij gaat het met name 
om de mogelijkheden voor plantensoorten die zijn aangepast aan arme groeiom-
standigheden. Zaailingen van deze soorten kunnen zich moeilijker vestigen omdat 
de soorten die zijn aangepast aan rijkere omstandigheden de proefvlakken met hun 
uitbundige groei steeds meer domineren. De arme soorten verdwijnen dan, met een 
verminderde diversiteit tot gevolg.
 In het tweede eco-informatica hoofdstuk van dit proefschrift (hoofdstuk 7), 
analyseerden  we de veranderingen in de diversiteit van de herbivoren gemeenschap 
in relatie tot planten en stikstof. We gebruikten daarvoor de diergroep van sprinkhanen 
en krekels. Hiervan zijn namelijk voldoende waarnemingen beschikbaar in het grote 
Nederlandse databestand waarin alle waarnemingen van professionele en vrijwillige 
waarnemers zijn verzameld. Heel Nederland werd verdeeld in vlakken van 10 bij 10 
kilometer. Voor al die vakken berekenden we de rijkdom aan sprinkhanen en krekels, 
maar ook aan planten. Tevens gebruikten we informatie over de stikstofneerslag in 
ieder vak afzonderlijk. De drie factoren bleken inderdaad samen te hangen. Door ook 
te kijken naar de eigenschappen van de sprinkhanen en krekels, kon worden 
vastgesteld dat het verband tussen de planten, de herbivoren en veranderingen in 
stikstof beschikbaarheid niet zozeer loopt via veranderingen in de kwaliteit van de 
planten als voedsel. Dit zouden we namelijk verwachten op grond van de CDD. In 
plaats hiervan bleek het effect van een overmaat aan stikstof vooral te lopen via ha-
bitatveranderingen en een verminderend voortplantingssucces van de sprinkhaan-
soorten die hun eieren in de grond afzetten. Dit laatste hangt samen met een dichtere 
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vegetatie door de extra bemesting waardoor de bodem met de eieren erin minder 
goed opwarmt als de zon schijnt.
Implicaties voor milieubeleid en natuurherstel
De resultaten zoals beschreven in dit proefschrift demonstreren de invloed van 
veranderingen van milieukwaliteit op plant-herbivoor relaties. Gegeven het feit dat 
insecten het grootste deel van onze biodiversiteit vormen en via herbivorie een 
belangrijke regulerende rol spelen in de relaties die het voedselweb bepalen, vraagt 
dit om een aanpassing van ons natuurbeheer en milieubeleid. 
Effectief beheer van biodiversiteit en natuurgebieden is afhankelijke 
van goede gegevens
Een effectieve eco-informatica benadering is sterk afhankelijk van de beschikbaar-
heid van voldoende en kwalitatief goede gegevens met betrekking tot de verspreiding 
van soorten in ruimte en tijd, zoals bijeengebracht in de nationale database voor flora 
en fauna. In de laatste twee decennia is de hoeveelheid waarnemingen in deze 
database exponentieel gestegen. Cruciaal daarbij is een goede organisatie ten 
behoeve van het uitwisselen en beheren van de snel uitdijende hoeveelheid biodiver-
siteitinformatie. Daarbij is kwaliteitsbewaking een belangrijk aspect. De combinatie 
van toenemende beschikbaarheid van gegevens, mede bijeengebracht door een 
groeiende groep van vrijwilligers en toenemende technische mogelijkheden om deze 
gegevens adequaat te kunnen analyseren, maakt dat er nog belangrijke verdere 
mogelijkheden voor het vakgebied van de ecologie in het verschiet liggen.
Implicaties voor natuurherstel
De praktijk van het natuurherstel in Nederland en de ontwikkeling van de bijbehorende 
kennis is in het verleden onevenredig gericht geweest op het beheer van de vegetatie 
(plantengroei). In de loop van de jaren is de natuurherstelbenadering in ons land 
echter geëvolueerd van een focus op het kleinschalig herstel van met name planten-
populaties in de richting van een bredere en meer geïntegreerde aanpak op het 
niveau van complete landschappen. Daarbij is er inmiddels meer aandacht voor 
plant-dier interacties. Dit proefschrift onderschrijft de relevantie daarvan. Hierbij gaat 
het dan niet alleen om de aandacht voor voldoende geschikt habitat voor de 
diersoorten, maar ook om extra bewustzijn van veranderende plant-herbivoor 
interactie door de veranderingen in het milieu. 
 Reductie van stikstofuitstoot is nu inmiddels zo’n twee decennia onderdeel van 
het milieubeleid op mondiaal, regionaal (EU) en nationaal niveau. In recente jaren 
verschuift de aandacht van uitsluitend een natuurbeleidsmatige onderbouwing naar 
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een bredere economische onderbouwing van de noodzaak om een overmaat aan 
stikstof terug te dringen. Door daarbij de toenemende kennis van het samenspel 
tussen stikstof, planten en hogere trofisch niveaus mee te nemen op een voldoende 
hoog ruimtelijk schaalniveau, zal een veel evenwichtiger landbouw en landgebruik 
mogelijk blijken te zijn.
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